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FOREWORD 


*  NASTRANf)  (NASA  STRUCTURAL  ANALYSIS)  is  a  large,  comprehen¬ 
sive,  nonproprietary,  general  purpose  finite  element  computer 
code  for  stiuctural  analysis  which  was  developed  under  NASA 


sponsorship  and  became  available  to  the  public  in  late  1970.  It 
can  be  obtained  through  COSMIC  (Computer  Software  Management  and 
Information  Center),  Athens,  Georgia,  and  is  widely  used  by  NASA, 


other  government  agencies,  and  industry, 


enance  of  NASTRAN® 


NASA  currently  provides  continuing  maintenance  of  NASTRAN® 
through  COSMIC.  Because  of  the  widespread  interest  in  NASTRAN®, 
and  finite  element  methods  in  general,  the  Eleventh  NASTRAN® 
Users'  Colloquium  was  organized  and  held  at  the  Holiday 
Inn-Fisherman's  Wharf,  San  Francisco,  May  2-6,  1983.  (Papers 


from  previous  colloquia  held  in  1971,  1972,  1973,  1975,  1977, 
1978,  1979,  1980  and  1982,  are  published  in  NASA  Technical 

Memorandums  X-2378,  X-2637,  X-2378,  X-2893,  X-3278,  X-3428,  and 
NASA  Conference  Publications  2018,  2062,  2131,  2151  and  2249.) 


The  Eleventh  Colloquium  provides  some  comprehensive  general 
papers  on  the  application  of  finite  element  methods  in 
engineering,  comparisons  with  other  approaches,  unique  applica¬ 
tions,  pre-  and  post-processing  or  auxiliary  programs,  and  new 
methods  of  analysis  with  NASTRAN®. 


Individuals  actively  engaged  in  the  use  of  finite  elements 
or  NASTRAN®  were  invited  to  prepare  papers  for  presentation  at 
the  Colloquium.  These  papers  are  included  in  this  volume.  No 
editorial  review  was  provided  by  NASA  or  COSMIC,  however, 
detailed  instructions  were  provided  each  author  to  achieve 
reasonably  consistent  paper  format  and  content.  The  opinions  and 
data  presented  are  the  sole  responsibility  of  the  authors  and 
their  respective  organizations. 
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BANDIT  in  NASTRAN 


Gordon  C.  Chan 
Sperry  Corporation 


SUMMARY 


BANDIT  (ref.  1  and  2)  has  been  implemented  into  the  NASTRAN  April  '83 
release.  It  is  now  a  permanent  feature  in  NASTRAN  and  will  be  included  in  all 
future  releases  for  all  four  computing  machines  (IBM,  CDC,  UNIVAC,  and  VAX). 


INTRODUCTION 


Originally  BANDIT  operated  as  a  preprocessor  of  NASTRAN.  It  read  the 
NASTRAN  input  cards  and  produced  a  set  of  resequencing  (SEQGP)  cards  that  would 
greatly  reduce  the  computational  time  required  by  the  matrix  decomposition 
module  of  NASTRAN  for  a  larqe  structure.  In  the  past,  many  computer  centers  had 
installed  BANDIT  in  their  systems  together  with  the  NASTRAN  program.  The  user 
would  run  the  BANDIT  program  and  NASTRAN  as  if  they  were  one  program  (or  two 
separated  programs  depending  on  how  the  two  programs  were  actually  tied  together 
in  the  computer  systems).  In  some  cases,  the  user  was  required  to  pass  the 
input  cards  and  the  output  SEQGP  cards  between  the  two  programs,  and  in  others, 
the  data  was  manipulated  through  the  use  of  cataloged  disc  files.  Although 
there  is  nothing  wrong  with  this  BANDIT-NASTRAN  arrangement,  there  are,  however, 
several  shortcomings: 

1.  Each  installation  requires  patching  the  BANDIT-NASTRAN  operation  for 
each  new  NASTRAN  release. 

2.  The  complete  NASTRAN  input  deck  is  read  and  decoded  twice,  once  by 
BANDIT  and  once  by  NASTRAN,  which  is  inefficient  and  redundant.  In 
addition,  BANDIT  requires  that  all  continuation  cards  must  follow 
immediately  their  parent  input  cards. 

3.  BANDIT  uses  Fortran  files  which  may  become  dead  files  for  NASTRAN  which 
uses  its  own  GINO  files.  These  dead  files  are  carried  along  throughout 
the  entire  duration  of  NASTRAN  execution. 

4.  When  source  code  is  added  to  NASTRAN  for  a  new  connection  element,  the 
element  table  in  BANDIT  needs  to  be  updated  and  re-compiled,  and  the 
BANDIT  executable  program  re-generated,  or  the  S-APPEND  option  must  be 
used. 

5.  There  are  four  versions  of  BANDIT  for  IBM,  CDC,  UNIVAC,  and  VAX  com¬ 
puters. 

The  BANDIT  in  the  NASTRAN  April  '83  release  has  removed  all  the  above  defi¬ 
ciencies,  and  it  comes  in  one  version  applicable  to  the  four  computing  machines. 
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To  reduce  redundancy  and  other  Input  limitations,  all  the  Input  card  handling 
subroutines  of  the  original  program  were  not  used.  Only  thirty-two  of  the  ori¬ 
ginal  seventy-two  source  codings  were  installed  in  LINK  1  of  NASTRAN.  The 
overlay  segment  for  BANDIT  routines  is  therefore  greatly  simplified.  BANDIT  is 
executed  now  only  when  the  user's  input  deck  is  read  in  by  NASTRAN,  decoded,  and 
free  of  error. 


BANDIT  IMPLEMENTATION 


The  implementation  of  BANDIT  in  NASTRAN  follows  two  simple  guideline;:  a 
NASTRAN  user  needs  no  prior  knowledge  of  BANDIT,  its  theory,  and  input 
requirement;  and  BANDIT  should  not  prematurely  terminate  the  NASTRAN  job  due  to 
user  input  error.  In  addition,  most  of  the  useful  features  and  program  flexi¬ 
bility  of  the  original  BANDIT  version  are  retained  in  this  implementation. 
Eight  options  are  available  to  the  user  to  utilize  some  special  features  that 
the  program  offers.  The  original  BANDIT  program  uses  the  $-sign  input  cards  for 
these  options,  whereas  in  NASTRAN,  NASTRAN  card  input  (see  NASTRAN  User's 
Manual,  p.  2.1-2)  is  used.  The  following  table  compares  the  two  methods  (with 
default  values  underlined): 


Original 

BANDIT 


BANDIT  in 
NASTRAN 


OPTION  USEAGE 


$GRID=n 

(not  used) 

$MPC=NjQ,YES 

BANDTMPC=0,1 ,2 

(none) 

BANDTDEP=0,1 

$METH0D=CM, 

=GPS, 

=botft 

BANDTMTH=l,2,-3, 

$CRIT=2,1,3, 

4  ~ 

BANDTCRI=1,2,3 

4 

To  inform  BANDIT  no.  of  grid  points 

To  include  MPC's  and  rigid  elements  in  re¬ 
sequencing  (1),  rigid  elements  only  (2), 
or  none  of  these  (0) 

To  include  (0)  or  to  exclude  (1)  dependent 
grids  if  BANDTMPC-1,  or  2 

To  use  Cuthill-Mckee  method  (1), 

Gibb-Poole-stockmeyer  method  (3),  or 
both  (2) 

To  set  criterion  for  evaluation:  rms-wave- 
front  (1),  bandwidth  (2),  profile  (3), 
or  max-wavefront  (4) 


$PUNCH=N2,YES  BANDTPCH=0,1 


$NASTRAN=NO,  (not  used) 
=YES 


To  punch  (1)  out  SEQGP  cards  and  terminate 
NASTRAN  job 

To  execute  NASTRAN  after  BANDIT  (IBM  only) 


(none) 


BANDTRUN=0,J. 


To  generate  SEQGP  cards  unconditionally 
(1) 
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Original 

BANDIT 


BANDIT  in 
NASTRAN 


OPTION  USEAGE 


$DIMENSION=n  BANDTDIM=m  To  redefine  scratch  array  dimensions  to  n 

(or  100x[m],  default=150) 

(none)  BANDIT=-1,0  To  skip  BANDIT  in  NASTRAN  (-1) 

BANDIT  OPTIONS 


Currently  NASTRAN  provides  two  methods  to  skip  over  BANDIT  operation. 
First,  the  NASTRAN  BANDIT=-1  option  can  be  used.  The  second  method  is  to 
include  one  or  more  SEQGP  cards  in  the  bulk  data  deck.  In  this  second  method, 
BANDIT  would  terminate  since  the  user  has  already  stated  his  choice  of  SEQGP 
resequencing  cards.  However,  the  NASTRAN  BANDTRUN=1  option  can  be  used  to  force 
BANDIT  to  generate  new  SEQGP  cards  to  replace  the  old  SEQGP  set  already  in  the 
input  bulk  data  deck.  In  all  instances  when  BANDIT  is  executed,  NASTRAN  will 
issue  a  page  of  summary  to  keep  the  user  informed  of  the  basic  resequencing  com¬ 
putations.  The  user  may  refer  to  reference  (1)  for  definition  of  the  technical 
terms  used. 

The  NASTRAN  HICORE  card  can  be  used  in  the  UNIVAC  machine  to  increase  the 
open  core  for  BANDIT  operation.  In  all  machines,  BANDIT  automatically  counts 
the  number  of  grid  points  used  in  a  NASTRAN  job,  and  it  is  able  to  set  up  the 
exact  array  dimensions  needed  for  its  internal  computation.  However,  if  the 
user's  structure  model  uses  more  grid  points  in  the  connecting  elements  than  the 
total  number  of  grid  points  as  defined  in  the  GRID  cards,  BANDIT  will  issue  a 
fatal  message  and  stop.  In  the  case  where  non-active  grid  points  (defined  in 
the  GRID  cards  but  nowhere  used  in  the  model)  do  exist,  BANDIT  will  add  them  to 
the  end  of  the  SEQGP  cards,  and  their  presence  will  not  cause  fatal  crashing  in 
a  NASTRAN  job. 

Rigid  element?  and  MPC's  are  included  in  the  BANDIT  computation  only  when 
the  BANDMPC=1  (or  2)  option  is  requested,  ana  their  depending  grid  points  can  be 
controlled  by  the  BANDTDEP  option.  The  rigid  elements  are  treated  as  a  set  of 
MPC  cards  (ref.  3).  Reference  (1)  states:  "It  should  be  emphasized  here  that 
only  in  rare  cases  would  it  make  sense  to  let  BANDIT  process  MPC's.  The  main 
reasons  for  this  are  that  BANDIT  does  not  consider  individual  degrees  of  freedom 
and,  in  addition,  cannot  distinguish  one  MPC  set  from  another." 


CONSIDERATION  OF  SOME  SPECIAL  ELEMENTS 


TU. 

i  lie 


«  «  4*  ^ 
c  i  CIIICII  yo 
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(RINGAX)  defined  in  the  bulk 
twice  the  number  of  grid  points 


pi  uuuvv 

data  deck. 


A 

V,, 


in 


numbers  for  each  grid  noint. 
Therefore,  BANDIT  in  NASTRAN  will  use 
its  computation  and  produce  the  1000000  and 
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2000000  series  of  grid  numbers  in  the  generated  SEQGP  cards.  Other  pseudo  ele¬ 
ments  (such  as  the  surface  elements  used  in  heat  or  fluid  problems)  which  are 
not  present  in  the  element  definition  table  (GPTABD  data  block)  of  the  NASTRAN 
program  are  therefore  excluded  in  BANDIT  computation.  On  the  contrary,  any  new 
element  (developed  by  user),  whose  specification  is  defined  in  the  GPTABD  data 
block,  is  automatically  brought  into  grid  point  resequencing. 


NASTRAN  RESTART 


A  few  comments  about  NASTRAN  restart  jobs  and  BANDIT  are  needed  to  clarify 
BANDIT  operational  procedure: 

1.  BANDIT  is  automatically  skipped  if  it  is  an  unmodified  restart  job. 
However,  the  previously  generated  SEQGP  cards  are  already  absorbed  into 
the  NASTRAN  data  base,  such  as  the  EQEXIN,  SIL,  BGPDT,  etc.  A  message 
is  printed  to  inform  the  user  that  BANDIT  is  not  needed. 

2.  BANDIT  is  always  executed  if  it  is  a  modified  restart  job. 

3.  BANDIT  can  always  be  executed  if  the  restart  job  contains  one  or  more 
of  the  NASTRAN-BANDIT  options  (e.g.,  NASTRAN  BANDTMTH=2) .  A  NASTRAN 
BANDIT=-1  option  can  be  used  to  stop  BANDIT  execution  unconditionally. 

At  the  beginning  of  a  NASTRAN  job,  the  Input  File  Processor  modules  (IFP1 
and  IFP/  in  LINK  1  read  the  executive  and  case  control  cards  and  process  the 
complete  bulk  data  deck.  The  SEQGP  cards  generated  by  BANDIT  are  added  directly 
to  the  NASTRAN  data  base  (GE0M1  file)  at  a  much  later  stage.  In  other  words, 
since  these  SEQGP  cards  are  not  part  of  the  original  bulk  data  deck,  they  are 
simple  not  available  for  the  restart/alter  feature  of  NASTRAN. 


NASTRAN  BULK DATA  OPTION 


A  new  option  (key  work  BULKDATA)  is  also  added  to  the  NASTRAN  card  in  the 
April  '83  release.  It  allows  NASTRAN  just  to  examine  the  input  data  deck  and 
echo  any  user  error  detected.  Since  this  new  option  (NASTRAN  BULKDATA=1)  and 
any  of  the  BANDIT  options  share  a  common  switch  in  NASTRAN  internal  programming, 
they  cannot  be  used  simultaneously.  The  BANDTPCH  option  acts  almost  like  the 
BULKDATA  option,  but  in  addition,  the  SEQGP  cards  are  punched  out. 


CONCLUSION 

The  author  wishes  to  thank  Dr.  G.  C.  Everstine  for  his  permission  to  use 
his  program  (BANDIT,  release  9.0)  for  this  project. 


4 


REFERENCES 


1.  Everstine,  G.  C.:  BANDIT  USER'S  GUIDE,  COSMIC  Program  No.  D0D-00033,  May 

1978. 

2.  Everstine,  G.  C.:  "Reduction  of  Matrix  Wavefront  for  NASTRAN",  7th  NASTRAN 

Users'  Colloquium,  NASA  Conference  Publication  2062,  October  1978,  pp. 
111-122. 

3.  Pamidi,  P.  R.:  "Addition  of  Rigid  Elements  to  NASTRAN",  6th  NASTRAN  Users' 

Colloquium,  NASA  Conference  Publication  2018,  October  1977,  pp.  449-468. 


5 


NASA/MSFC  NASTRAN  AUXILIARY  I/O  ROUTINES 
Malcolm  Tagg 

McDonnell  Douglas  Technical  Services  Company 

and 

Bob  Thornton 

Boeing  Computer  Support  Services 
ABSTRACT 

Since  the  initial  installation  of  NASTRAN  on  the  UNIVAC  1100/82 
computer  at  the  Marshall  Space  Flight  Center  (MSFC) ,  a  number  of 
"local"  codes  have  been  incorporated  as  "user  routines."  This 
paper  describes  four  of  these  cedes  and  how  interested  users  may 
obtain  additional  information. 


INTRODUCTION 

The  MAP  elements  supplied  by  COSMIC/NASTRAN  contain  the  user 
subroutine  names  OUTPT4 ,  DUMOD3,  etc.,  along  with  corresponding 
dummy  subroutines.  Locally  generated  "user  routines"  are 
compiled  and  the  relocatable  elements  are  copied  over  the  dummy 
relocatables  for  mapping  into  the  COSMIC/NASTRAN  system.  Several 
local  codes  have  been  generated  for  the  MSFC  computer 
installations  by  BCSS  and  its  predecessors  and  incorporated  into 
NASTRAN  in  this  manner. 


The  routines  were  written  in  the  FORTRAN  V  language  as  used  with 
standard  COSMIC/NASTRAN.  All  of  the  appropriate  links  were 
mapped  using  the  MAP  elements  supplied  with  the  COSMIC/NASTRAN 
package . 


The  "user  routines"  are  described  in  the  following  format:  1) 
purpose  of  routine  or  function,  2)  installation  of  routine  into 
standard  COSMIC/NASTRAN,  3)  example  showing  use  of  the  routine. 
Note  that  the  routine  names  used  in  the  text  differ  from  the  DMAP 
"calling"  names. 


BACKGROUND/REQUIREMENTS 


OUTPT4 


INPTT4 

DUMOD3 


This  module  was  written  to  create  FORTRAN-written, 
unformatted  user  tapes  containing  banded  matrix  data 
recovered  from  NASTRAN  matrix  data  blocks  as  requested 
by  the  user  via  the  0UTPUT4  DMAP  instruction.  The  data 
is  in  a  simple  compact,  convenient  form  and  contains  no 
special  labeling  codes. 

Companion  module  to  0UPT4,  reads  matrix  data  blocks 
from  OUTPT4  tapes. 

This  module  was  created  to  convert  NASTRAN  tabular  data 
blocks  into  matrix  data  block  format  for  convenience  in 
manipulation  and  output,  especially  by  OUTPT4.  The 
element  or  gridpoint  identification  data  is  also 
recovered  and  output  separately. 
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INPTT3  -  This  routine  uses  coding  supplied  by  Rockwell  International 
(RI)  for  reading  matrix  data  in  that  company's  customary 
format  into  NASTRAN  matrix  data  blocks.  The  RI  data  is 
in  a  compact  Fortran -formatted  coded  form,  which  appears 
to  have  quite  widespread  acceptance  in  the  aerospace  field. 

PFDR  -  Print  File  Data  Retrieval  post  processor  originally  written  to 

extract  0UTPT4  data  from  the  NASTRAN  print  file,  it  is  particularly 
useful  when  data  output  is  required  from  more  than  one  link  exe¬ 
cution  as  occurs  frequently  during  substructure  recovery  procedures. 
In  such  cases,  the  normal  output  files  are  rewound  after  each  link 
has  been  executed,  thus  ensuring  that  subsequent  executions  of 
the  output  modules  will  overwrite  earlier  ones.  The  print  file 
is,  of  course,  rewind  inhibited.  The  program  has  now  been  general¬ 
ized  to  extract  all  types  of  data.  The  user  is  required  to  provide 
header  information  to  enable  the  program  to  find  the  data  on  the 
NASTRAN  print  file. 


IMPLEMENTATION 


1.  0UTPT4  -  Outputs  selected  matrices  to  binary  file  INP1 . 

A.  Entry  Point  -  0UTPT4;  SUBROUTINE:  WRTAPE 

B.  NASTRAN  Link:  LINK14 

C.  DMAP  Calling  Sequence:  0UTPUT4  II , 12 , 13 ,14 , I5//V ,N,P1/V,N,P2  $ 

D.  Input  Data  Blocks:  Ii  -  Any  matrix  data  block  which  the  user 

desires  to  be  written  on  NASTRAN  file 
INP1 .  Purged  data  blocks  are  ignored. 
Up  to  five  data  blocks  may  be  output. 


E.  Output  Data  Blocks:  None. 


F.  Method:  The  0UTPT4  routine  checks  to  determine  whether  the 

matrix  data  block  is  purged.  If  it  is  not,  a  call  is 
made  to  subroutine  WRTAPE,  which  writes  each  column 
of  the  matrix  onto  the  user  tape  INP1 .  Parameters 
PI  and  P2  provide  controls  corresponding  to  those 
in  the  standard  0UTPT2  module  (q.v.). 


G. 


Example: 


A  comprehensive  example  of  0UTPT4  and  INPTT4  usage 

nx»r»wirlaH  ac  hai»t  nf  rlocrvH tvH OH  ■ffHr’  tho  1  attOY' 

I  (/•  W»  •  •»“  •  v  v  •  wnv  •  f  * 

routine. 
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2.  INPTT4  -  reads  matrix  data  from  an  0UTPT4  file  assigned  to  INP2 
into  a  specified  matrix  data  block. 

A.  Entry  Point:  INPTT4. 

B.  NASTRAN  Link:  LINK2. 

C.  DMAP  Calling  Sequence: 

INPUTT4  /MDB, , , ,/V,N,Pl/V,N,P2/V,N,P3  $ 

D.  Input  Data  Blocks:  None. 

E.  Output  Data  Blocks: 

MDB  -  Matrix  data  block  to  be  loaded  with  data  from  user  file 
INP2. 

F.  Method:  Retrieves  one  matrix  from  user  file  INP2  for  each  call 

to  the  routine.  This  file  may  be  the  INP1  file  gener¬ 
ated  by  the  0UTPT4  routine  or  a  similar  user-written 
FORTRAN  file.  The  required  format  for  this  file  and 
usage  of  parameters  PI,  P2  and  P3  are  described  in 
the  0UTPUT4  documentation. 

G.  Examples:  The  use  of  both  INPTT4  and  0UTPT4  is  illustrated  in 

the  DMAP  ALTER  sequence  of  Figure  1.  Two  matrices 
are  read  from  a  file  previously  created  Ly  0UTPT4 
and  subsequently  printed  using  the  MATPRN  module 
(Figure  2).  The  0UTPT4  listing  is  shown  in  Figure  3. 

H.  Notes: 

1.  The  primary  use  of  this  routine  is  to  enable  the 

user  to  obtain  NASTRAN  generated  matrices  in  a  FORTRAN 
binary  format  for  subsequent  use  in  user-written 
Fortran  programs.  Similarly  formatted  matrices  created 
by  NASTRAN  0UTPT4  or  by  user-written  Fortran  programs 
can  be  read  into  NASTRAN  data  blocks  by  using  the 
companion  INPTT4  module. 

2.  The  order  of  retrieval  of  matrix  data  blocks  must  be 
in  the  order  which  they  were  written. 

3.  Matrices  output  by  0UTPT4  will  be  written  on  file 

INP1 .  This  tape  must  be  assigned  as  INP2  in  subsequent 
NASTRAN  runs  when  using  INPTT4  to  recover  the  matrices. 
Parameter  usage  is  discussed  in  the  user  documentation. 
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DMAP  ALTER  SEQUENCE  FOR  INPTT4 
AND  0UTPT4 


ID  R I  OkBITER 
APP  DISPLACEMENT 

SCL  1,0 
0  IAG  £ 

TIKE  1 5  G 

5  INPUTS  KG  *  KO  INTO  K  ORB  t  MO  Ru 

ALTER  3b 

I NPUTT  *4  /KORfa  ,  ,,,/C,N,193/C,N»193/C,N,2  i 
CHKFNT  KOftB  $ 

MATPRN  KOHB , ,  ,  ,/ /  $ 

CUT  pUT  4  K  OR  b  , ,,,//C,K, 1  /  C  ,  N ,  1  $ 

EXIT 

ENDALTER 

CEND 


FIGURE  1 
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FIGURE  2 


0UTPT4  MATRIX  LISTING 
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3.  DUM0D3 


A.  Entry  Point;  DUMOD3 

B.  NASTRAN  Link:  LINK7 

C.  DMAP  Calling  Sequence: 

DUMMOD3  TDB ,/MOB ,,,,,, ,/C ,N ,P1 /C ,N  ,0  $ 

D.  Input  Data  Blocks: 

TDB  NASTRAN  Table  Data  Block. 

E.  Output  Data  Blocks: 

MDB  NASTRAN  Matrix  Data  Blocks. 

F.  Method:  Converts  tabular  data  blocks  into  matrix  data  block 

format.  Up  to  eight  data  blocks  may  be  converted. 

The  tables  are  mapped  into  a  PI  x  8  matrix  and 
the  grid  point/element  ID's  into  array  LTLID  which 
is  listed  and  punched  on  cards. 

G.  Examples:  The  example  illustrates  how  the  SPCFORCE  (OQG  table) 

can  be  reformatted  using  the  DMAP  sequence  shown 
in  Figure  4.  The  LTLID  array  of  gridpoint  ID  num¬ 
bers  is  shown  in  Figure  5.  Figure  6  shows  the 
NASTRAN  SPCFORCE  output  and  Figure  7  shows  the 
corresponding  DUM0D3  matrix,  IFLOAD,  as  output 
using  0UTPT4. 
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DUM0D3  AND  0UTPT4  DMAP  INSTRUCTIONS 
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FIGURE  7 

0UTPT4  LISTING  OF  DUM0D3  MATRIX  FORMATTED  SPCFORCE  TABLE 


4.  INPTT3  -  Raads  matrix  data  from  an  Rl-formatted  file  assigned  to 
INPT  into  specified  matrix  data  blocks. 

A.  Entry  Point:  INPTT3. 

B.  NASTRAN  Link:  LINK2 

C.  DMAP  Calling  Sequence: 

INPUTT3  K0,M0, , ,/KX,MX, , ,/C,N,-l/C,N,0/C,N,0  $ 

D.  Input  Data  Blocks;  RI  formatted  matrices  from  file  INPT. 

E.  Output  Data  Blofcks:  All  NASTRAN  matrix  data  blocks. 

F.  Method:  Reads  the  matrices  from  an  Rl-formatted  data  file 

into  NASTRAN  matrix  data  blocks.  Up  to  five 
matrices  may  be  read. 

G.  Examples:  Figure  8  shows  the  DMAP  ALTER  sequence  required 

for  loading  two  matrices  into  the  Normal  Modes 
Analysis  Rigid  Format  and  adding  them  into  the 
mass  and  stiffness  matrices.  The  diagnostic 
messages  printed  by  NASTRAN  to  indicate  success¬ 
ful  completion  of  the  INPUTT3  instruction  are 
shown  in  Figure  9. 

H.  Notes:  The  file  INPT  must  be  assigned  containing  the 
Rl-formatted  data. 
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INPUTT3  DMAP  ALTER  SEQUENCE 


ID  RI  ORBITER  . 

APP  DISPLACEMENT 

SOL  3,0  . . 

TIME  150 

s 

s  INPUTS  KO,  MO  INTO  KORB,  MORE 

ALTER  36  •••  "  -  ■ 

INPUTT3  KO,MO, , , /«qRB,M0rB, , ,/C,N,-l/C»N,0/C,N,0  S 
CHKPNT  KORB,MORb  S  --  -  - 

s 

S  FORMS  KF1,  MF1  AND  ADDS  KORB,  MORB  FORMING  KFF ,  MFF 

ALTER  71,72  . .  — . —  *  '  . . -  ■ 

EQUIV  knn,kfi/single/mnn,mfi/single  S 

CHKPNT  KF1  ,MF  1  S  .  *  - -  - - - 

ALTER  74,75 

SCE1  USET,KNN,MNN,,/KFl,KFS,,MFl,t  S 

CHKPNT  KFS,KF1,MF1  $ 

ALTER  76 

AD05  KF1 , KORB,,, /KFF  S 

CHKPNT  KFF  5  '  ’ 

ADD5  MF1  ,MORB,,,/MFF__  t 

CHKPNT  MFF  S  . 

ENDALjER 

CEND  "  •"  - - 


FIGURE  8 


NASTRAN  MESSAGE  TO  DENOTE  INPUTT3  MATRIX  ENTRY 


9XQT  NASTRAN*NASTRAN.LINK2 

data  block  ko  found  while  searching  for  korb 

MATRIX  BL0CK  KORB  IS  OF  SIZE  797  8Y  797  AND  TYPE 

***  DIAG  8  MESSAGE  —  TRAILER  FOR  DaTA  BLOCK  KORB  ' 

DAI  A  BLOCK  MO  FOUNO  WHILE  SEARCHING  FOR  MORB 

MAtrIX  BLOCK  MORB  1$  OF  SIZE  797  BY  797  AND  TYPE 

♦**  Di*G  b  message  —  Trailer  for  oata  block  mqrb 


797  797 

797  797 


FIGURE  9 


5.  PFDR  -  Print  File  Data  Retrieval  post  processor 

A.  Method: 

Repeated  executions  of  0UTPUT4  and  other  output  modules  within 
a  single  NASTRAN  run  (especially  in  DMAP  Looping)  will  cause 
previously  written  matrix  data  blocks  on  INP1  to  be  over¬ 
written  by  subsequent  calls  to  the  output  module.  This  being 
a  system  characteristic,  the  problem  could  not  be  resolved 
internally.  The  matrices  were  preserved  in  their  entirety, 
however,  when  written  by  0UTPUT4  onto  the  NASTRAN  print 
file.  Hence,  the  print  file  is  saved  for  subsequent  input 
to  a  post-processor  which  extracts  the  matrices  and  writes 
them  to  a  single  file,  which  may  be  copied  to  tape  for  later 
processing.  This  approach  enables  the  user  to  obtain  the 
results  of  a  number  of  output  requests  in  a  single  run. 

B.  Input  to  PFDR: 

The  input  to  the  post-processor  is  simply  the  NASTRAN  printout 
file  itself.  This  file  can  be  obtained  by  the  instruction 
@BRKPT  PRINT$/FILENAME  on  the  UNIVAC  computer.  This  instruc¬ 
tion  simply  diverts  the  symbolic  print  data  to  the  previously 
assigned  file  FILENAME,  which  can  then  be  read  by  PFDR. 

C.  The  PFDR  Post-Processor: 

The  NASTRAN  print  file  is  converted  to  ASCII  code  to  enable  it 
to  be  read  by  the  post-processor.  The  data  "key  phrase"  is 
input  to  the  post-processor.  If  no  "key"  is  given,  the  pro¬ 
cessor  automatically  defaults  to  0UTPUT4  data. 

D.  Output  Data: 

The  output  daca  will  contain  the  OUTPT^  matrices  or  the  particu¬ 
lar  data  identified  by  the  key  phrase.  This  data  is  usually 
copied  to  tape  for  subsequent  use.  The  data  formats  are  de¬ 
scribed  in  the  user  documentation. 

E.  Implementation: 

PFDR  is  currently  not  available  on  the  MSFC  IBM  system. 

F.  Ex amp 1 e :  A  sample  runs t ream  is  shown  in  Figure  10. 
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E.  Examples 


PFDR  SAMPLE  RUNSTREAM 


s 

S - PRINT"  FILE-DATA  '  RETRIEVAL” 

S 

aOELErE.C  "PRXXXX". - 

SDELETEtC  OPXXXX. 

'acAYiP  pr xxxx ;r/r/po s72oo 

a AS6 »A  PRXXXX. 

aBRKPT"  PRJNT S/PRXXXX - 

aXQT  ♦NASTRAN.LINK1  _ 

CNASTR Ak  rUJN) _ _ 

38RKPT  PRINTS 

ausE'  3"i»opxxxxt - 

3ED , UQ  PRXXXX. 

Exit - 

a ASG  tA  C*NASTR AN. 

“aPRT^TC— C'*N"ASTRANT - 

aXQT  ONASTRAN.X 
aED,UP  OPXXXX. 

EXIT 

a  A  S  G  ,t  j“0 P‘4  TPTU9S7S  A  VE  OF‘7  P  All  I FF  “ 
aCOPY  f  GM C  OPXXXX .,OP4TP. 
aCOPYfGMC  OPXXXX  i  iOP^TP'. 
aFREE  0p4Tp. 
aFREE  PRXXXX." 

3FREE  OPXXXX. 

asYM  prxxxx.  ;;"mhsp - 

3SYM  OPXXXX., ,MHSP 


KEY: 

PRXXXX  -  FILE  TO  WHICH  PRINTOUT  IS  DIVERTED 

OPXXXX  -  FILE  TO  WHICH  EXTRACTED  DATA  IS  WRITTEN 

31  -  ALTERNATE  PRINT  FILE  DYNAMICALLY  ATTACHED  TO  OPXXXX 

C*NASTRAN.X  -  EXECUTABLE  ELEMENT  OF  PFDR 


An  4  -r*  n 

ukh  i  r 
MHSP 


-  TAPE  TO  WHICH  OPXXXX  IS  COPIED 

-  DENOTES  PHYSICAL  UNIT  FOR  PRINTER 


FIGURE  10 
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SUMMARY 


The  MSFC  COSMIC/NASTRAN  Auxiliary  I/O  routines  provide  useful, 
additional  capabilities  for  input  and  output  of  various  matrices 
and  tables  between  external  files  and  NASTRAN.  The  PFDR  print 
file  post-processor  allows  the  user  to  extract  anv  type  of  data 
that  is  available  from  the  NASTRAN  print  file.  These  routines 
are  in  frequent  use  on  the  MSFC  UNIVAC  1100  and  IBM  systems. 

In  conclusion,  the  authors  would  like  to  acknowledge  the  work 
of  Messrs.  J.  Moorman,  P.  Halford  and  D.  Harper,  who  contributed 
various  enhancements  under  the  aegis  of  the  MSFC  Engineering  Sys¬ 
tems  Branch  of  the  Huntsville  Computer  Complex. 

Prospective  users  may  obtain  further  information  from 

AH33/W.  E.  Galloway,  NASA,  MSFC,  AL,  Telephone:  205-453-2294. 
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USING  PAFEC  AS  A  PREPROCESSOR  FOR  COSMIC/NASTRAN* 


W.  H.  Gray 

Fusion  Energy  Division 
Oak  Ridge  National  Laboratory 
Oak  Ridge,  Tennessee 

T.  V.  Baudry 

PAFEC  Engineering  Consultants 
Knoxville,  Tennessee 


SUMMARY 


Programs  for  Automatic  Finite  Element  Calculations  (PAFEC)  is  a  general  purpose, 
three-dimensional  linear  and  nonlinear  finite  element  program  (ref.  1).  PAFEC's 
features  include  free-forraat  input  utilizing  engineering  keywords,  powerful  mesh 
generating  facilities,  sophisticated  database  management  procedures,  and  extensive 
data  validation  checks.  Presented  here  is  a  description  of  a  software  interface  that 
permits  PAFEC  to  be  used  as  a  preprocessor  for  COSMIC/NASTRAN.  This  user-friendly 
software,  called  PAFCOS,  frees  the  stress  analyst  from  the  laborious  and  error  prone 
procedure  of  creating  and  debugging  a  rigid-format  COSMIC/NASTRAN  bulk  data  deck.  By 
Interactively  creating  and  debugging  a  finite  element  model  with  PAFEC,  thus  taking 
full  advantage  of  the  free-format  engineering-keyword-oriented  data  structure  of 
PAFEC,  the  amount  of  time  spent  during  model  generation  can  be  drastically  reduced. 
The  PAFCOS  software  will  automatically  convert  a  PAFEC  data  structure  into  a 
COSMIC/NASTRAN  bulk  data  deck.  The  capabilities  and  limitations  of  the  PAFCOS 
software  are  fully  discussed  in  the  following  report. 


INTRODUCTION 


Numerous  general  purpose  programs  are  currently  available  to  assist  engineers 
during  the  data  preparation  phase  of  a  NASTRAN  finite  element  method  problem.  The 
goal  of  these  preprocessors  is  to  accept  a  minimum  amount  of  user  data  and  create  the 
rigid-format  input  data  structure  required  by  the  COSMIC/NASTRAN  Bulk  Data  (NBD) , 
since  the  NBD  is  devoid  of  any  sophisticated  automatic  data  generation  schemes.  Two 
such  sets  of  software  (ref.  2  and  3)  based  upon  other  programs  were  presented  at  last 
year's  COSMIC/NASTRAN  conference.  Many  others  have  been  presented  in  previous  years. 
Properly  designed  preprocessing  aids,  like  these,  can  greatly  reduce  the  time  spent 
by  an  engineer  in  creating  the  rigid-format  required  by  the  NBD.  If  these  aids  are 
interactively  executed,  much  correcting  and  debugging  of  a  finite  element  model  can 
be  accomplished  prior  to  submission  of  even  the  first  COSMIC/NASTRAN  execution  for  a 
new  problem.  Although  most  of  the  available  preprocessing  aids  for  COSMIC/NASTRAN 
meet  their  design  goals,  the  authors  of  this  paper  prefer  to  use  the  free-format  data 
preparation  and  automatic  mesh  generation  capabilities  of  the  PAFEC  suite  of  finite 


*Research  sponsored  by  the  Office  of  Fusion  Energy,  U.S.  Department  of  Energy,  under 
contract  W-7405-eng-26  with  the  Union  Carbide  Corporation. 
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element  computer  programs.  This  paper  describes  software  developed  for  utilizing 
PAFEC  as  a  preprocessor  for  COSMIC/NASTRAN. 

At  the  Oak  Ridge  National  Laboratory  (ORNL)  '"''"‘GMIC/NASTRAN  is  leased  upon  IBM 
computer  equipment.  It  is  generally  executed  in  a  batch  processing  mode.  Serving  as 
an  interactive  front-end  to  the  IBM  machines  are  several  DECsystem-IO  computers. 
Within  ORNL's  computer  environment,  users  generally  prefer  to  interactively  create 
data  and  IBM  Job  Control  Language  (JCL)  on  the  user-friendly  DECsystem-lOs  and  then 
to  route  these  jobs  to  the  IBM  mainframe  batch  queues  for  number  crunching.  Because 
PAFEC  can  best  be  utilized  in  an  interactive  environment,  the  DECsystem-IOs  were 
chosen  as  the  computers  upon  which  to  execute  PAFEC. 

The  PAFEC  suite  of  program  modules  is  executed  as  a  collection  of  ten  separate 
phases  that  create  and  operate  upon  a  database  called  the  Backing  Store  (BS)  file. 
Among  other  capabilities,  PAFEC  has  extensive  mesh  generation  facilities;  a  free- 
forraat,  ongineering-keyword-oriented,  modular  data  preparation  scheme;  extremely 
simple  methods  to  represent  repetitive  data  values;  automatic  load  generation 
facilities;  and  a  complete  graphics  software  package  to  display  the  created  finite 
element  data.  An  optionally  available  interactive  program,  the  PAFEC  Interactive 
Graphics  Suite  (PIGS),  can  be  obtained  to  enhance  all  the  above  mentioned 
capabilities.  PAFEC  is  not  simply  a  preprocessor.  Solution  sequences  exist  for 
linear  static  and  dynamic  structural  mechanics  problems  as  well  as  for  treating 
certain  classes  of  nonlinear  structural  mechanics  and  heat  transfer  problems. 

On  the  ORNL  DECsystem-IOs  an  additional  facility  has  been  implemented  in  the 
PAFEC  control  scheme  that  will  automatically  invoke  the  PAFEC  to  COSMIC/NASTRAN 
preprocessor  for  a  stress  analyst.  Mnemonically  designated  PAFCOS  (ref.  4),  this 
software  contains  several  subroutines.  The  main  subroutine,  called  PAFNBD,  serves  as 
a  controller  for  the  other  subroutines.  The  other  subroutines  convert  the  PAFEC  BS 
internal  format  for  the  axis  systems,  nodal  points,  material  properties,  element 
topologies,  element  properties,  and  single-  or  multipoint  constraints  into  the  rigid- 
format  of  the  COSMIC/NASTRAN  NBD.  Unique  rigid-format  continuation  card  mnemonics 
are  generated  as  necessary.  Upon  successful  completion  of  PAFEC  PHASE  4,  the  user's 
job  will  have  created  a  disk  file,  <narae>04.NBD,  that  contains  the  COSMIC/NASTRAN  NBD 
(<name>  symbolically  represents  the  user's  PAFEC  finite  element  model  job  name  and  04 
is  appended  to  the  job  name  to  indicate  the  file  was  created  in  PHASE  4).  Thus,  the 
stress  analyst  can  interactively  generate,  debug,  and  display  a  finite  element  model 
with  PAFEC;  convert  a  model  to  COSMIC/NASTRAN  rigid-format  bulb  data  using 
user-friendly  software;  and  then  solve  the  model  using  COSMIC/NASTRAN  upon  one  of  the 
larger  mainframe  computers  at  ORNL. 


ORGANIZATION 


First,  a  discussion  of  the  most  salient  features  of  the  model  generating 
capabilities  of  PAFEC  is  presented.  (Although  PAFEC  has  complete  solution 
capability,  it  will  not  be  discussed  here  as  it  is  not  germane  to  the  subject  of  this 
report.)  Secondly,  in  the  remainder  of  this  report,  we  describe  the  details  of 
subprogram  PAFCOS;  its  supporting  software,  and  the  modifications  to  the  PAFEC 
executive  control.  Finally,  an  example  using  this  software  is  presented. 
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MODEL  GENERATION  WITH  PAFEC 


The  PAFEC  modular  data  system  has  many  advantages.  From  the  user's  standpoint, 
the  finite  element  data  are  very  easy  to  input  and  are  intelligible  without 
additional  documentation.  Additionally,  data  prepared  for  other  finite  element 
programs  can  be  used  as  input  data  by  PAFEC  with  less  text-editing  manipulation. 

From  the  system's  standpoint,  the  data  modules  are  easily  scanned  to  determine  the 
solution  sequence  and  the  software  required  to  perform  the  user's  specific  finite 
element  task  (ref.  5). 

A  PAFEC  data  module  consists  of  three  parts:  (1)  the  module  header  card,  (2)  the 
module  contents  card,  and  (3)  the  free-format  numerical  data.  The  module  header  card 
and  the  numerical  data  are  required  for  every  module  that  the  user  inputs  for  a 
particular  finite  element  problem.  (Only  those  data  modules  that  are  needed  are 
entered  as  data.)  The  contents  card  is  optional  and  is  used  to  alter  the  default 
definition  of  certain  parts  of  the  data  or  to  change  the  order  of  the  numerical  data 
located  in  the  third  part  of  the  data  module.  An  example  of  the  NODES  data  module,  a 
fundamental  data  module,  is  presented  to  demonstrate  the  three  parts  of  the  PAFEC 


modular  data: 

NODES 

z=o.o 

NODE 

X 

Y 

1 

0.0 

0.0 

2 

0.0 

1.0 

3 

1.0 

1.0 

4 

1.0 

0.0 

The  first  card  represents  the  module  header  card,  the  second  card  is  a  constant 
contents  data  card,  the  third  card  is  a  contents  data  card,  and  the  last  four  cards 
present  the  free-format  nodal  numerical  data. 

Other  data  modules  can  be  used  ’  '’fine  nodal  coordinates;  among  these  are: 


NODES 

AXES 


The  NO  can  be  used  to  define  nodal  coordinates 

in  an;, 

\e  AXES  module  can  be  used  to  define  different  axis 
sets. 


SIMILAR. NODES 


LINE. NODES 

ARC. NODES 


Once  any  number  of  nodes  have  been  defined,  the 
SIMILAR. NODES  module  can  be  used  to  define  other  nodes 
that  are  similar  but  perhaps  more  conveniently  located 
in  another  axis  system. 

The  LINE. NODES  module  can  be  used  to  define  any  number 
of  nodes  to  lie  upon  the  same  straight  line. 

Similar  to  the  LINE. NODES  module,  the  ARC. NODES  module 
can  be  used  to  define  any  number  of  nodes  to  lie  upon 
the  same  circular  arc. 
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PAFBLOCKS  When  used  in  conjunction  with  the  MESH  module,  the 

PAFBLOCKS  module  will  cause  two-  and  three-dimensional 
blocks  of  nodes  and  elements  to  be  generated. 

Several  data  modules  are  used  in  the  description  of  finite  element  topology, 

types,  material  properties,  and  thicknesses.  These  modules  include: 

ELEMENTS  The  ELEMENTS  module  describes  the  element  type, 

properties,  group  number,  and  topology  for  individual 
elements . 

PAFBLOCKS  When  used  in  conjunction  with  the  MESH  module,  the 

PAFBLOCKS  module  will  cause  two-  and  three-dimensional 
blocks  of  nodes  and  elements  to  be  generated. 

REFERENCE. IN. PAFBLOCKS  The  REFERENCE. IN. PAFBLOCKS  module  permits  modification 

of  generated  elements  within  a  PAFBLOCK. 

PLATES. AND. SHELLS  The  PLATES. AND. SHELLS  module  describes  element 

thicknesses,  material  number,  and  other  information  for 
membrane,  bending,  and  axisymmetric  finite  element 
analysis. 

BEAMS  The  BEAMS  module  describes  pertinent  information  for 

beam  elements. 

MASSES  The  MASSES  module  is  used  in  dynamic  finite  element 

analyses  to  add  mass  at  nodes. 

SPRINGS  The  SPRINGS  module  is  used  to  input  simple  axial  and 

torsional  springs  into  a  finite  element  analysis. 

GROUP. OF. SIMILAR. ELEMENTS  The  GROUP. OF. SIMILAR. ELEMENTS  module  copies  selected 

elements  into  new  elements  by  simply  incrementing 
element  topology.  This  facility  can  be  used  to 
conveniently  describe  finite  element  geometries  that 
contain  repetitious  sections. 

PAFEC  examines  the  data  modules  describing  a  structure  and  the  user's  control 

module  to  determine  how  many  degrees  of  freedom  to  permit  at  each  nodal  coordinate. 

To  apply  constraints  at  individual  or  groups  of  nodes,  the  following  data  modules  can 

be  used: 


RESTRAINTS  The  RESTRAINTS  module  is  the  most  generally  used  module 

for  describing  the  degrees  of  freedon  to  be  constrained. 
Each  row  in  the  data  module  can  be  used  to  describe  the 
constraints  at  one  node,  or,  by  using  the  PLANE  and 
possibly  AXIS  entry,  all  the  nodes  that  lie  on  a  line  or 
on  a  plane  can  be  constrained  at  once. 

ENCASTRE  The  ENCA5TRE  module  can  be  used  to  constrain  all  the 

degrees  of  freedom  for  a  set  of  nodes. 
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SIMPLE. SUPPORTS 


DISPLACEMENTS. PRESCRIBED 

REPEATED. FREEDOMS 


HINGES. AND. SLIDES 


LOCAL. DIRECTIONS 


The  SIMPLE. SUPPQRTS  module  can  be  used  to  constrain  all 
the  translational  degrees  of  freedom  for  a  set  of  nodes 
while  leaving  the  rotational  degrees  of  freedom 
unchanged. 

The  DISPLACEMENTS. PRESCRIBED  module  c?  he  used  to  apply 
nonzero  displacements  at  certain  nodes. 

The  REPEATED. FREEDOMS  module  is  used  to  constrain  two  or 
more  nodes  to  move  by  an  identical  amount  in  a 
particular  direction.  This  module  is  useful  when  there 
is  slippage  possible  at  some  joint  in  a  structure.  By 
arranging  two  nodes  to  be  coincident  and  therefore  to 
have  separate  and  unrelated  degrees  of  freedom,  the 
REPEATED. FREEDOMS  module  can  be  used  to  define  those 
degrees  of  freedom  that  are  to  be  continuous  across  the 
joint. 

The  HINGES. AND. SLIDES  module  is  the  complement  of  the 
REPEATED. FREEDOMS  module.  Instead  of  specif ing 
constrained  degrees  of  freedom,  this  module  is  used  to 
specify  unconstrained  degrees  of  freedom. 

The  LOCAL. DIRECTIONS  module  does  not  describe 
constraints  directly.  However,  this  module  can  be  used 
to  force  PAFEC  to  resolve  degrees  of  freedom  in 
different  directions  other  than  the  global  coordinate 
axes  directions. 


GENERALIZED. CONSTRAINTS  The  GENERALIZED. CONSTRAINTS  module  permits  writing 

arbitrary  linear  functions  relating  displacements  among 
any  number  of  nodes.  Rigid  links  may  be  specified  with 
this  module. 


THE  PAFCOS  SOFTWARE  INTERFACE 


The  PAFCOS  software  developed  at  ORNL  permits  the  user  to  define  a  finite 
element  model,  using  the  previously  discussed  modular  data  dictionary,  and  then  to 
automatically  create  a  rigid-format,  COSMIC/NASTRAN  bulk  data  deck.  Subroutine 
PAFNBD  serves  as  a  controller  for  several  other  subroutines,  individually  discussed 
below,  that  are  collectively  located  in  the  PAFCOS  subroutine  library.  When  the  user 
includes  the  COSMIC/NASTRAN  control  directive  in  a  PAFEC  control  module,  then  a  call 
to  subroutine  PAFNBD  will  be  inserted  in  the  PHASE  4  FORTRAN  generated  for  the  job. 
Execution  of  the  PAFNBD  subroutine  will  cause  the  axis  systems,  nodal  coordinates, 
material  properties,  element  topologies,  element  properties,  and  constrained  degrees 
of  freedom  to  be  successively  converted  from  internal  PAFEC  BS  format  to 
COSMIC/NASTRAN  bulk  data  rigid  format.  Upon  successful  completion  of  the  constraint 
conversion,  subroutine  PAFNBD  returns  to  the  PHASE  4  FORTRAN  and  normal  PAFEC 
execution. 
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The  PAFCOS  software  is  written  in  FORTRAN-66  and  uses  the  PAFEC  series  R09800 
subroutines  exclusively  for  accessing  the  data  nodules  contained  in  the  user's  BS 
f:*le.  Therefore,  this  software  is  easily  implemented  in  any  system  where  PAFEC  has 
bean  installed.  (A  FORTRAN-77  version  of  the  software  is  being  created.)  The  next 
several  sections  discuss  the  functions  of  the  individual  subprograms  contained  within 
the  PAFCOS  software  library. 


Subroutine  PNCOOR 

Subroutine  PNCOOR  performs  the  processing  of  axis  definitions  from  PAFEC  BS  to 
CG  ,r..!C/NASTRAN  format.  This  subprogram  processes  each  entry  of  BS  module  68  (the 
internal  storage  number  given  to  PAFEC  axis  sets)  and  writes  the  appropriate 
COSWvC/NASTRAN  C0RD2R,  C0RD2C,  or  C0RD2S  data  cards,  depending  upon  whether  the  PAFEC 
coo/dinate  system  is  rectangular,  cylindrical,  or  spherical,  respectively.  Unique 
continuation  card  mnemonics  are  generated  as  necessary. 


Subroutine  PNNOD 

Subroutine  PNNOD  generates  COSMIC/NASTRAN  GRID  cards  from  the  PAFEC  BS  module  1 
(the  internal  storage  number  given  to  PAFEC  global,  cartesian  nodal  coordinates). 

All  GRID  cards  are  specified  in  global  coordinates.  If  PAFEC  BS  module  4  is  not 
empty,  then  the  GRID  card  will  also  contain  the  appropriate  output  coordinate  system 
designation.  Otherwise,  the  output  coordinate  system  will  be  the  global  rectangular 
coordinate  system. 


Subroutine  PNMAT 

Subroutine  PNMAT  creates  COSMIC/NASTRAN  MAT1  data  cards  from  the  PAFEC  BS  module 
31  (the  internal  storage  number  given  to  the  PAFEC  materials  data) .  Only  isotropic 
elastic  materials  are  converted,  a  subprogram  PNMAT  limitation.  Each  material  in  the 
data  module  is  reformatted  and  written  onto  the  output  file  with  unique  continuation 
card  mnemonics. 


Subroutine  PNETOP 


Subroutine  PNETOP  processes  the  element  data  stored  in  PAFEC  BS  modules  17  and 
18.  Each  element  definition  is  processed  individually  with  mappings  from  PAFEC 
element  types  and  topologies  to  COSMIC/NASTRAN  element  types  and  their  corresponding 
topologies.  The  following  element  mappings  are  currently  supported. 


PAFEC  element  COSMIC/NASTRAN 

mnemonic  element  card  Element  type 


30100 

CELAS2 

30200 

CMASS2 

34000 

C5AR 

34200 

CBAR 

34400 

CROD 

36100 

CTRMEM 

36200 

CQDMEM1 

37100 

CIHEXl 

Spring  element 
Mass  element 
Simple  beam  element 
Offset  beam  element 
Simple  rod  element 
Triangular  membrane  element 
Quadralateral  membrane  element 
8-node  brick  element 
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37120 

CIHEX2 

20-node  brick  element 

37130 

CIHEX3 

32-node  brick  element 

37200 

CWEDGE 

6-node  wedge  element 

41320 

CTRIA2 

Triangular  plate  element 

43110 

CTRSHL 

6-node  triangular  plate  element 

44100 

CTRIA2 

Triangular  plate  element 

44200 

CQUAD2 

4-node  quadralateral  plate  element 

Unique  continuation  card  mnemonics  are  generated  for  each  element  type  requiring  a 
multicard  element  topology.  Also,  special  processing  is  required  for  each  PAFEC 
spring  element  (number  30100)  and  mass  element  (number  30200)  since  each  of  these 
elements  may  yield  as  many  as  six  COSMIC/NASTRAN  CELAS2  or  CMASS2  element  data  cards. 
(Unique  element  numbers  are  generated  for  any  newly  created  elements.) 


Subroutine  PNPROP 


Subroutine  PNPROP  performs  generation  of  COSMIC/NASTRAN  element  property  cards. 
Several  PAFEC  BS  modules  are  examined  and  the  following  mapping  is  used  to  create  the 
appropriate  COSMIC/NASTRAN  property  cards. 


PAFEC  element 
mnemonic 

30100 

34000 

34200 

34400 

36100 

36200 

37100 

37120 

37130 

37200 

41320 

43110 

44100 

44200 


COSMIC/NASTRAN 
property  card 

PELAS 

PBAR 

PBAR 

PROD 

PTRMEM 

PQDMEM 

PI  HEX 

PIHEX 

PIHEX 

PWEDGE 

PTRIA2 

PTRSHL 

PTRIA2 

PQUAD2 


Subroutine  PNDOF 

Subroutine  PNDOF  processes  constraint  data  stored  in  PAFEC  BS  module  2.  Each 
degree  of  freedom  is  examined  for  constraint  codes.  Any  constrained  degree  of 
freedom  generates  an  appropriate  COSMIC/NASTRAN  SPC  data  card.  PAFEC 
REPEATED. FREEDOMS  are  output  as  COSMIC/NASTRAN  MPC  data  cards  for  the  repeated 
degrees  of  freedom. 
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Subroutine  PGCMPC 


If  GENERALIZED. CONSTRAINTS  are  defined  via  PAFEC  BS  module  143,  then  subroutine 
PGCMPC  generates  appropriate  COSMIC/NASTRAN  data  cards  for  each  generalized 
constraint.  An  arbitrary  limitation  of  three  independent  nodes  for  any  dependent 
node  has  been  set  in  subroutine  PGCMPC.  Unique  continuation  card  mnemonics  are 
generated  as  necessary. 


INTEGRATION  OF  THE  PAFCOS  SOFTWARE  INTERFACE  INTO  THE  PAFEC  MACRO  DICTIONARY 


Minor  additions  to  the  PAFEC  MACRO  dictionary  were  all  that  was  necessary  to 
completely  implement  the  PAFCOS  software  into  the  PAFEC  PHASE  execution  scheme.  The 
PAFEC  MACRO  dictionary  is  used  by  the  PAl'EC  driving  program  to  create  FORTRAN  and  job 
control  information  for  a  particular  PAFEC  PHASE.  Within  each  PAFEC  user  data  file 
there  exists  a  control  module  and  possibly  several  sets  of  data  modules.  (The  PAFEC 
control  module  is  analogous  to  the  executive  and  case  control  cards  of  a 
COSMIC/NASTRAN  data  deck.)  Based  upon  the  user-specified  PAFEC  control  directives, 
the  PAFEC  driver  program  determines  which  PHASE  and  what  subroutine  within  the  PHASE 
should  be  executed.  In  order  to  permit  a  user-friendly  interface  between  the  PAFEC 
system  and  the  PAFCOS  software,  a  single  new  control  directive,  appropriately  named 
COSMIC/NASTRAN,  was  added  to  the  PAFEC  MACRO  dictionary. 

PHASE  4  was  chosen  as  the  appropriate  PHASE  to  create  a  COSMIC/NASTRAN  NBD,  due 
to  finite  element  model  generation  completeness.  The  MACRO  dictionary  was  modified 
to  conditionally  include  a  call  to  subroutine  PAFNBD  (the  driver  for  the  PAFCOS 
software)  in  the  PHASE  4  FORTRAN,  based  upon  the  presence  or  absence  of  the 
COSMIC/NASTRAN  control  directive.  Similarly,  an  instruction  was  inserted  to 
conditionally  include  the  precompiled  PAFCOS  relocatable  object  module  in  the  linkage 
edit  step  of  the  PHASE  4  job  control.  Therefore,  to  access  the  PAFCOS  software  all 
the  user  must  do  is  to  simply  insert  the  phrase  COSMIC/NASTRAN  following  the  PHASER 
PAFEC  control  directive  somewhere  within  his  control  module.  For  example,  the 
following  few  lines  represent  a  valid  PAFEC  control  module  that  would  invoke  the 
PAFCOS  software: 

CONTROL 

NAME . ABCD 
PHASE=4 

COSMIC/NASTRAN 

STOP 

CONTROL. END 


AN  ILLUSTRATIVE  EXAMPLE 


This  rather  academic  example  demonstrates  most  of  the  capabilities  of  the  PAFCOS 
software.  It  is  intentionally  brief  so  that  a  very  small  COSMIC/NASTRAN  bulk  data 


deck  is  created.  The  following  listing  is  a  copy  of  the  PAFEC  data  deck  that 


generatca  the  small  three-dimensional  plate  finite  element  model  shown  in  figure  1. 


TITLE  PAFCOS  TEST 

CONTROL 

SAVE. RESULTS 
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CONCATENATE. OUTPUT 
SAVE. PLOTS 
NAME.T 
PHASE-4 

COSMIC/NASTRAN 

STOP 

CONTROL. END 
NODES 


NODE. NO 
1 

X.IN 

Y.IN 

2. IN 

2 

1.5 

0 

0.8 

3 

3.0 

4 

0 

5.0 

5 

0.75 

5 

0.4 

6 

1.5 

5.0 

PAFBLOCKS 

ELEMENT-44200 

N1  N2  TOPOLOGY. OF. BLOCK 

1  2  13462005 

MESH 

REFER  SPACING 

1  2 

2  2  1.5  1 

PLATES. AND. SHELLS 
MATERIAL  THICKNESS. IN 

1  0.81 

MATERIALS 

MATERIAL  E  NU  RO 

1  27E6  .27  7.7 

RESTRAINTS 

NODE  PLANE  DIRECTION 

1  2  0 

MODES. AND. FREQ 

AUTOMATIC. MASTERS  MODES 

10  4 

END. OF. DATA 

After  successful  execution  of  PHASE  4  on  an  ORNL  DECsystem-10  computer  using  the 
above  PAFEC  data,  a  file,  T04.NBD,  is  created  containing  the  COSMIC/NASTRAN  bulk  data 


deck. 

For  completeness 

this  data 

deck  is 

listed 

below: 

GRID 

1 

0.000 

0.000 

0.000 

0 

GRID 

2 

1.500 

0.000 

0.800 

0 

GRID 

3 

3.000 

0.000 

0.000 

0 

GRID 

4 

0.000 

5.000 

0.000 

0 

GRID 

5 

0.750 

5.000 

0.400 

0 

GRID 

6 

1.500 

5.000 

0.000 

0 

GRID 

7 

0.000 

2.222 

-0.000 

0 

GRID 

8 

1.167 

2.222 

0.622 

0 

GRID 

9 

2.333 

2.222 

0.000 

0 

GRID 

10 

-0.000 

3.889 

-0.000 

0 

GRID 

11 

0.917 

3.889 

0.489 

0 

GRID 

12 

1.833 

3.889 

0.000 

0 

MAT1  12.70E+071.06E+07  2. 707. 70E+O00.00E+00  +MAT001 

+MAT001 
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SPC 

10000 

1 

SPC 

10000 

2 

SPC 

10000 

3 

SPC 

10000 

4 

SPC 

10000 

6 

SPC 

10000 

7 

SPC 

10000 

9 

SPC 

10000 

10 

SPC 

10000 

12 

C0RD2R 

1 

0 

+C2R001 

1.0 

0.0 

C0RD2C 

2 

0 

+C2C002 

1.0 

0.0 

C0RD2S 

3 

0 

+C2S003 

1.0 

0.0 

CQUAD2 

1 

1 

C QUAD 2 

2 

1 

CQUAD2 

3 

1 

CQUAD2 

4 

1 

CQUAD2 

5 

1 

C QUAD 2 

6 

1 

P QUAD 2 

1 

1 

123456 

123456 

123456 

6 

6 

6 

6 

6 

6 


0.0 

0.0 

O.C 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 

2 

8 

2 

3 

9 

7 

8 

11 

8 

9 

12 

10 

11 

5 

11 

12 

6 

0.81 


0.0 

C  0 

1.0+C2R00 1 

0.0 

0.0 

1.0+C2C002 

0.0 

0.0 

1.0+C2S003 

7 

8 
10 
11 

4 

5 


All  that  remains  for  the  user  to  do  is  to  merge  the  above  file  with  the  IBM  JCL 
procedure  for  executing  COSMIC/NASTRAN  at  ORNL,  add  an  executive  and  case  control 
deck,  and  then  submit  the  job. 


CONCLUDING  REMARKS 


For  production  problems,  using  PAFEC  and  the  PAFCOS  software  as  a  preprocessor 
for  COSMIC/NASTRAN  eliminates  a  large  majority  of  the  cards  necessary  for  a  finite 
element  analysis.  This  software  has  been  used  to  preprocess  several  large  magnet 
structural  analysis  problems  at  ORNL  and  has  demonstrated  an  over  95%  reduction  in 
the  total  number  of  cards  typed  for  these  problems.  Future  improvements  are  planned 
to  convert  and/or  create  even  more  of  the  data. 
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PAFEC-3 I GS-PLOT 


Figure  1.  The  finite  element  mesh  for  the  example  problem  showing  the 
element  and  nodal  numbers. 
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SUMMARY 

GPRIME,  an  interactive  modeling  system,  runs  on  the  CDC  6000  computers  and  the 
DEC  VAX  11/780  minicomputer.  This  system  includes  three  components:  1)  GPRIME,  a 
user-friendly  geometric  language  and  a  processor  to  translate  that  language  into 
geometric  entities,  2)  GGEN,  an  interactive  data  generator  for  2-D  models ;  and 
3)  SOLIDGEN,  a  3-D  solid  modeling  program.  Each  component  has  a  computer-user 
interface  of  an  extensive  command  set.  All  of  these  prograns  make  use  of  a  compre¬ 
hensive  B-spline  mathematics  subroutine  library,  which  can  be  used  for  a  wide 
variety  of  interpolation  problems  and  other  geometric  calculations.  Many  other 
user  aids,  such  as  automatic  saving  of  the  geometric  and  finite  element  data  bases 
and  hidden  line  removal,  are  available.  This  interactive  finite  element  modeling 
capability  can  produce  a  complete  finite  element  model,  producing  an  output  file  of 
grid  and  element  data. 


INTRODUCTION 

Finite  element  analysis  has  become  the  predominant  method  for  performing 
structural  analysis  on  digital  computers  of  all  types.  Almost  any  conceivable 
structure,  from  a  small  valve  to  an  entire  ship,  may  be  analyzed  by  the  finite 
element  method. 


However,  the  creation  of  a  finite  element  model  of  the  structure  to  be 
analyzed  by  this  method  is  a  major  task.  Even  a  small  problem  can  require  large 
amounts  of  geometric  data,  with  many  details  to  be  considered.  An  engineer  can 
spend  a  vast  amount  of  time  defining  the  numerical  model  of  a  structure  and 
verifying  the  correctness  of  this  data,  file  extreme  generality  of  this  engineering 
method  has  frustrated  attempts  to  create  an  effective  automatic  finite  elanent  data 
generator  with  comparable  generality.  Finite  element  models  frequently  need 
refinanents  which  require  a  return  to  the  geometry  for  more  infonnation  and  details 
to  complete  the  modeling.  Hence,  complete  geometric  data,  and  efficient  management 
of  that  data,  are  essential  to  make  these  modifications  simple. 


The  term  "geometric  modeling"  appears  frequently  in  current  computer  graphics 
and  computer-aided  design  literature.  Many  scientists  and  engineers  maintain 
(correctly)  that  they  have  been  "modeling  geometry"  in  traditional  ways  for  a  great 
many  years.  Most  recent  geometric  modeling  in  the  computer-based  science  has  been 
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the  new  are  significant,  even  if  they  sometimes  appear  to  be  rather  subtle. 

Although  the  older  geometric  techniques  could  be  said  to  permit  the  modeling  of  any 
required  shape,  there  was  little  consistency  in  the  representation  of  different 
types  of  objects  (ref.  1).  Today,  good  mathematical  tools,  such  as  B-spline 
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functions,  are  making  possible  the  reality  of  representing  all  objects  by  sets  of 
continuous,  well-behaved  functions.  This  development  makes  possible  not  only 
better  finite  element  modeling  but  also  solutions  for  a  wide  range  of  problems  in 
several  disciplines  of  physics. 

With  GPRIME  (ref.  2)  the  finite  element  modeling  process  is  automated  by 
providing  a  geometric  representation  of  the  structure  while  retaining  the  broad 
generality  of  the  finite  element  method.  With  this  complete  geometric  data  base  of 
the  structure,  both  the  general  data  generator  GGEN  (ref.  3)  and  the  3-D  data 
generator  SOLIDGEN  (ref.  4)  may  be  used  to  produce  the  finite  element  model 
necessary  for  structural  analysis.  The  basic  assumption  of  the  GPRIME  approach  is 
that,  if  a  systematic  and  accurate  mathematical  model  of  the  geometry  of  a 
structure  could  be  stored  in  the  computer,  the  task  of  creating  general  finite 
element  data  generators  would  be  greatly  simplified.  The  advent  of  low  cost, 
interactive  computer  graphics  makes  the  GPRIME  approach  even  more  attractive,  since 
problem  areas  in  an  automatically  generated  model  can  be  easily  resolved  by  inter¬ 
active  methods  at  the  graphics  screen. 

The  Navy  and  DTNSRDC  have  long  been  interested  in  geometric  modeling  techni¬ 
ques.  Since  1976,  the  Numerical  Structural  Mechanics  Branch  of  the  Computation, 
Mathematics  and  Logistics  Department  has  been  developing  a  geometric  modeling 
system  consisting  of  the  B-spline  mathanatical  tools  to  define  geometric  represen¬ 
tations,  a  geometric  language  to  access  this  modeler,  and  the  interface  needed  for 
implementing  it  interactively  on  a  computer.  This  language,  called  GPRIME,  was 
originally  formulated  to  support  finite  element  data  generation  for  structural 
analysis.  As  indicated  earlier,  two  data  generation  programs  are  now  available  for 
use  with  the  GPRIME  geometry:  GGEN,  for  general  interactive  modeling  including  the 
two-dimensional  shell-type  element  and  SOLIDGEN,  for  generating  three-dimensional 
solid  models.  GPRIME,  GGEN,  and  SOLIDGEN  were  first  developed  for  use  on  the  CDC 
6000  and  CYBER  computers  under  the  NOS  and  NOS/BE  operating  systems,  and  are  now 
also  operating  on  the  DEC  VAX  11/780  minicomputer .  Hie  graphics  capabilities 
assume  that  Tektronix  storage-tube  type  graphics  terminals  will  be  used.  The  pro¬ 
grams  may  be  used  in  batch  or  interactive-graphics  modes,  or  mixed  modes.  The 
programs  use  the  RATFOR  pre- processor  for  structured  FORTRAN. 


GPRIME  COMPUTER  GRAPHICS:  A  GEOMETRIC  MODELING  SYSTEM 
Geometric  Constructions 

*  Classical  primitives  of  geometry 

*  B-spline  mathematical  functions,  in  1,  2,  and  3  dimensions 

*  Parametric  representations  independent  of  analysis  model 

*  Rotations,  translations,  scaling  of  geometry 

*  Geometry  generation  from  digitized  data,  keyboard  or  cursor 

definition,  or  combination 

Graphic  Display  and  Viewing  Options 

*  Hidden  line  removal 

*  Rotating,  translating,  scaling  display  of  geometry 

*  Selection  of  geometry  items  to  be  displayed 

*  Status  of  all  viewing,  plot,  axes  parameters 
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*  Program-to-user  messages 

*  Annotation  of  geometries,  definitions,  names,  at  screen 
Generation  of  Finite  Element  Models 


*  Data  generation  for  2-D  plate/ shell  elements,  general  elements 

*  3-D  solid  elanent  generator 

*  Output  formatter 

Processing  Controls 

*  Interactive  and  batch  operating  inodes 

*  Restart  capability 

*  HELP  messages  on  definitions,  commands,  as  requested  by  user 
Applications 

*  Hydromechanics  modeling,  structural  finite  element  analysis, 

ship  magnetostatic  signatures,  thermal  analysis 

*  Potential  application  in  ship  vulnerability,  infrared  detection, 

cost  and  weight  estimation,  CAD/CAM,  composite  studies. 


EVOLUTION  OF  GEOMETRIC  MODELING:  THE  PATH  TO  G PRIME 

During  its  evolution,  geometric  modeling  has  taken  many  forms.  Its  "correct" 
description  is  discussed  in  many  forums  today.  Designer's  sketches  and  engineering 
drawings  have  long  been  thought  of  as  geometric  models.  The  fact  that  this  type  of 
representation  is  heavily  laced  with  graphic  shorthand  and  engineering  insight 
becomes  obvious  when  we  begin  to  ask  computers  to  translate  these  drawings  into 
instructions  for  manufacturing  the  parts  described  on  these  drawings.  Achieving 
this  automation  requires  that  a  computer  be  provided  with  all  the  details  of  the 
draftsman's  shorthand,  so  that  it  can  "understand"  the  old  drawings,  or  that  it  be 
provided  with  sufficient  geometric  information  rather  than  engineering  terms  such 
as  "fillet"  in  model  descriptions.  Both  developments  are  taking  place,  i.e., 
direct  reading  from  blue  prints  and  more  complete  numerical  input  data,  but  the 
complete  geometric  representation  appears  to  be  the  key  to  large-scale  automation. 

Discrete  finite  elanent  models  are  now  routinely  used  for  structural  analysis. 
These  models  are  usually  thought  of  as  rather  elegant  geometric  models,  but  are  of 
no  use  in  defining  a  machine  cutter  path,  and  really  of  little  use  to  a  finite 
element  analyst  who  requires  models  witli  a  more  detailed  mesh.  Coordinate  informa¬ 
tion  for  constructing  finite  elanent  models  is  defined  at  a  discrete  number  of 
points-period .  Some  sort  of  interpolation  may  be  used  on  this  data  to  find  inter¬ 
mediate  points,  but  because  the  finite  elanent  data  points  were  created  to  meet  the 
requirements  for  one  specific  analysis,  those  points  may  not  represent  the  basic 
detailed  geometric  shape  of  the  structure. 

From  work  with  early  computers  and  primitive  computer  graphics  techniques, 
automatic  drafting  programs  anerged.  These  programs  "spoke"  m  the  language 
familiar  to  draftsmen.  Soon  designers  wanted  to  connect  this  type  of  program  to 
programs  that  guided  numerically  controlled  tools.  These  marriages  have  become  or 
are  now  evolving  into  computer-aided  uesign  and  computer-aided  manufacturing  (CAD/ 
CAM)  systems.  To  accommodate  these  new  danands,  the  designer's  language  has 
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evolved  from  the  draftsman's,  with  the  addition  of  a  vocabulary  of  geometric  shapes 
and  geometric  operations.  Intersections  of  classical  cylinders  with  complex 
"sculptured  surfaces,"  (ref.  5)  as  in  Figure  1,  make  the  definition  of  true  three- 
dimensional  geometric  representations  considerably  easier  than  drawing  with  the 
draftsman's  two-dimensional  notation. 

We  have  used  the  term  "old  geometry"  to  collectively  refer  to  the  many 
ditferent  computer  methods  used  to  describe  geometric  shapes,  which,  by  their 
nature,  are  limited  to  certain  special  applications.  Some  of  these  methods  are  the 
closed  form  polygonal  approximations  of  spheroids  and  ellipsoids,  the  ellipsoidal 
modeling  of  airplanes  and  submarines,  and  point  by  point  finite  element 
descriptions.  Similarly,  we  have  used  "new  geometry"  to  refer  to  evolving  methods 
of  geometric  description.  These  descriptions  attempt  to  be  mathematically  complete 
for  any  application  and  to  permit  manipulation  of  all  geometric  forms  without 
having  to  resort  to  special  processing  for  different  combinations  of  valid 
representations.  For  exanpie,  the  B-spline  mathematical  functions  afford  good  data 
representations  of  a  structure.  The  new  geometry  has  obvious  roots  in  the  old; 
however,  the  new  approach  represents  attempts  to  develop  a  general  solution  to  the 
geometric  modeling  problem,  whereas  the  older  geometries  were  developed  to  solve 
particular  problems. 

The  new  geometry  has  not  cane  into  the  world  without  its  share  of  growing 
pains.  As  new  capability  is  added  to  cider  techniques,  program  developers  have 
attempted  to  maintain  canpatibility  between  the  old  forms  and  the  new  forms  of 
geanetry.  As  more  of  the  properties  of  the  new  geanetry  are  exploited,  it  becanes 
more  difficult  to  maintain  compatibility.  Either  the  old  forms  will  have  to  be 
abandoned,  or  translators  will  have  to  be  created  to  produce  an  equivalent  new  form 
for  the  old  definitions.  Similarly,  once  we  have  a  very  convenient  way  to 
represent  geometry  and  to  combine  forms  easily,  the  modeler's  creativity  can 
quickly  outstrip  the  available  mathematics.  For  example,  volune  intersections  com¬ 
puted  using  "old"  techniques  may  yield  only  edges  of  boundary  which  can  be  drawn; 
this  is  insufficient  to  completely  define  a  new  volune  because  there  is  not  infor¬ 
mation  on  how  the  function  varies  through  the  volune.  These  problems  are  evident 
in  the  technique  known  as  "combinatorial  geometry,"  (ref.  b)  which  permits  boolean 
operations  on  three-dimensional  solids.  If  simple  unions  and  intersections  are 
permitted  without  restriction,  it  is  easy  to  imagine  how  a  few  simple  shapes  could 
mushroom  into  a  canputationally-intractable  situation.  Often,  these  problems  can 
be  avoided  by  limiting  the  number  of  combinations  or  by  deferring  the  boolean 
operations  until  they  can  be  handled  by  later  applications  prograns  in  which  a 
knowledge  of  the  final  product  can  simplify  the  choice  of  functional  representa¬ 
tion  . 


The  need  for  complete  geometric  description  has  also  been  evolving  in  other 
areas  of  computer  simulation.  Finite  element  and  finite  difference  modeling  can  be 
tjsily  automated  if  an  adequate  geometric  description  is  available.  Numerical 
solutions,  which  require  that  new  meshes  be  generated  at  various  points  in  the  com¬ 
putation,  demand  such  a  representation,  once  the  models  advance  from  simple 
classical  shapes  to  the  complexities  of  the  real  world.  The  rest  of  this  report 
briefly  describes:  GPRIME  for  providing  geometric  representations  and  GGEN  and 
SOLIDGEN  which  use  this  geanetry  for  finite  element  modeling. 
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GEOMETRIC  LANGUAGE  PROCESSOR:  GPRIME 


Overview 

As  the  finite  element  method  gained  popularity  with  structural  engineers,  the 
need  for  an  accurate  finite  element  model  that  could  be  developed  in  a  reasonable 
time  at  reasonable  cost  became  obvious.  'Hie  computer  program  GPRIME,  a  geometric 
modeling  system,  provides  the  geometry  for  these  finite  element  methods.  GPRIME 
addresses  the  requirements  for  a  practical  geometric  modeling  system-mathematical 
representation,  man-machine  interface,  data  base  management,  and  implementation 
(ref.  6).  The  geometry  is  defined  in  GPRIME  via  a  geometric  language  of  defini¬ 
tions  and  corrmands  that  simplifies  the  creation  of  complex  models.  Classical 
shapes  are  defined  using  straight-forward  expressions,  and  more  general  curves  and 
surfaces  can  be  defined  using  digitized  coordinate  data.  By  using  the  B-spline 
mathematical  functions,  GPRIME  can  provide  the  engineer  with  a  complete  geometric 
model,  constructed  with  well-behaved  continuous  functions,  independent  of  the  dis¬ 
crete  model  used  in  the  analysis. 

Hie  GPRIME  processor  itself  uses  interactive  computer  graphics  to  define 
geometric  entities  and  to  aid  in  visualizing  the  model  being  created.  The 
processor  creates  a  geometric  data  base  (referred  to  as  UMF  -  user  master  file) 
which  may  be  used  for  restarting  the  definition  process  at  later  sessions  and  for 
communication  with  user's  programs.  The  implementation  of  GPRIME  allows  the  user 
various  controls  over  the  entire  system. 


The  Geometry  Modeler 

From  construction  drawings,  tool  cutter  data,  digitized  data,  measurements,  or 
other  forms  of  mooel  description,  the  engineer  may  begin  to  define  a  geometric 
model  with  a  combination  of  either  general  curves  and  surfaces,  or  with  classical 
f'orms  of  geometry.  These  classical  forms  include  points,  lines,  arcs,  circles, 
cylinders,  cones,  spheres,  and  surfaces  of  revolution.  These  entities  are 
represented  internally  by  B-spline  functions,  which  are  also  useful  in  smoothing 
and  fitting  applications,  as  shown  in  Figure  2.  The  parametric  representations  of 
these  entities  make  it  easy  to  locate  points  and  curves  of  intersection  in  complex 
geometric  configurations.  In  fact,  the  intersection  capability  provides  a  very 
useful  tool  for  data-checking  of  models  of  complex  structures. 

Rotations,  translations,  and  scaling  of  the  geometry  are  available  through  the 
GPRIME  language.  GPRIMT  was  designed  for  use  in  creating  finite  element  structural 
analysis  models,  but  it  can  be  applied  wherever  a  geometric  description  of  an 
object  is  required.  A  set  of  user-ca) lable  subroutines  is  available  for  user 
access  to  the  internal  B-spline  definitions  stored  on  a  UMF  (user  master  file  from 
GPRIME)  data  base.  These  subroutines  are  referred  to  as  the  GPRIME  Data  Base 
Access  Capability  (GDBAC) . 


Design  Aids 

Special  GPRIME  commands  provide  the  capabilities  of  controlling  model  changes, 
viewing  options  and  other  user  aids.  Hie  user  may  delete  or  change  any  part  of  a 
constructed  geometrical  model,  and  the  GPRIME  processor  will  automatically  change 
any  of  the  components  dependent  on  or  effected  by  the  geometrical  changes. 
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Viewing  options  allow  the  user  to  control  the  viewpoint,  as  well  as  to,  effect 
translations,  hidden  line  removal,  and  rotations.  The  hidden  lines  have  been 
removed  in  the  propeller  shown  in  Figure  3.  Plotting  options  permit  plots  of  all 
or  some  of  the  curves,  surfaces,  points  or  user-defined  groups  of  data.  An 
optional  status  table  shows  the  current  status  of  plotting,  viewing,  printing,  and 
axes  options.  The  printing  options  are  provided  for  annotation  of  various  tables 
on  the  screen.  A  command  also  permits  the  user  to  obtain  an  output  file  contain¬ 
ing  the  definitions  and  commands  used  in  a  session.  An  interactive  call  for  HELP 
gives  the  user  instructions  as  needed  in  using  these  conmands  and  definitions. 
Executive  control  permits  the  initial  session  to  begin  with  an  input  file  of 
definitions  and  to  restart  later  sessions  from  the  saved  geometric  data  base. 

GPRIME  also  provides  a  macro  facility  which  contains  a  user-defined  set  of  GPRIME 
comnands.  For  frequently  used  procedures,  such  as  defining  two  surfaces  and  their 
curve  of  intersection,  or  frequently  used  viewing  options,  the  user  can,  via  the 
macro  command,  execute  in  one  line  several  previously  defined  statements. 

In  summary,  GPRIME  provides  powerful  generation  algorithms  for  developing  a 
geometrical  model  from  which  finite  element  models  may  be  generated.  The  geometry 
may  be  used  in  a  variety  of  applications,  such  as  smoothing  functions,  data- 
checking,  snip  vulnerability  studies,  or  wherever  geometry  is  required.  Additional 
GPRIME  capabilities  include  viewing,  plotting,  editing,  and  file  options  enabling 
the  engineer  to  significantly  reduce  the  time  required  for  model  generation. 
Finally,  the  GPRIME  data  base  is  available  for  use  by  user  programs. 


INTERACTIVE  DATA  GENERATOR:  GGEN 
Overview 

With  the  availability  of  a  general  geometric  language  processor,  such  as 
GPRIME,  which  provides  a  data  base  of  a  representative  geometric  model,  finite 
element  modeling  becomes  easier  and  more  complete.  GGEN  is  a  computer  program  for 
creating  finite  element  models  from  an  interactive  computer  terminal.  GGEN  is 
different  from  most  other  finite  element  data  generators  in  that  it  references 
geometric  information  that  has  been  defined  using  the  GPRIME  geometric  language. 
One  advantage  of  the  GPRIME-GGEN  approach  includes  the  ability  to  define  inter¬ 
actively  a  three-dimensional  model  from  a  two-dimensional  terminal  screen  or 
digitizing  board. 


GGEN  Procedures 

The  GGEN  generator  has  been  implemented  as  a  module  of  the  GPRIME  language 
processor.  Tnis  implementation  permits  GGEN  to  use  many  of  the  graphics  and  data 
management  features  of  GPRIME.  These  features  include  GPRIME  processing  of 
changes,  print  options,  HELP  messages,  new  geometry,  and  access  t'o  existing 
geometry.  All  these  processes  may  be  performed  interactively,  one  at  a  time,  with 
program  control  remaining  in  GGEN.  However,  if  the  user  wishes  to  return  to 
GPRIME,  GGEN  will  automatically  save  GGEN  data. 

Any  GPRIME  geometry,  such  as  points,  curves,  surfaces,  or  groups  of  these,  may 
be  referenced  by  GGEN  at  any  time  during  an  interactive  session.  The  first  curve 
or  surface  activated  is  the  default,  that  is,  the  curve  or  surface  from  which  new 
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elements  are  created,  unless  another  curve  or  surface  is  referenced  by  a  given 
command.  Hie  number  of  curves,  surfaces,  and  groups  which  may  be  active  at  one 
time  is  limited  by  user  specified  parameters.  Commands  are  provided  to  remove 
unneeded  items,  including  points,  from  the  list  of  active  geometries. 


Data  Generation  and  Display 

Node  points  and  elements  can  be  created  in  a  bulk  mode  by  using  one  command 
with  various  options.  These  options  include  generating  points,  elements,  or  both. 
Such  bulk  generation  will  produce  a  "uniform"  mesh  on  the  specified  reference  curve 
or  surface.  Prior  to  the  bulk  generation,  the  user  may  enter  another  command  to 
cause  broad  variations  in  the  mesh. 

Although  GGEN  automatically  numbers  nodes  and  elements,  an  option  exists  to 
assign  numbers  to  the  nodes  and  elements.  Points  and  elements  may  also  be  defined 
individually  or  in  small  groups.  In  one  command,  both  passive  (type-in)  and  inter¬ 
active  (cross-hairs,  tracking  cross)  methods  are  used.  In  the  other,  the  user 
selects  from  a  user-menu,  that  is,  a  set  of  instructions  printed  on  the  screen,  to 
perform  the  various  creation  functions  interactively. 

Deletion  of  nodes  and  elements  is  similar  to  the  creation  process,  either  by 
using  a  type-in  command  or  by  making  a  menu  selection.  Note:  GGEN  assunes  the 
usage  of  a  storage  tube  type  terminal,  meaning  that  any  item  drawn  remains  until 
the  entire  screen  is  erased.  Deleted  itens  will  be  marked  deleted  with  an  "X" 
until  the  picture  is  redrawn.  Any  item  so  marked  can  be  restored  later,  if  the 
item  was  deleted  by  mistake. 

By  entering  the  EDIT  command,  the  user  may  perform  most  GGEN  functions  under 
interactive  control.  In  this  mode  the  user  selects  a  function  to  be  performed  from 
a  list,  called  the  menu,  displayed  on  the  right  side  of  the  screen,  (see  Figure 
4.)  The  user  indicates  the  desired  function  by  moving  the  terminal's  cro,  .  r 
cursor  inside  the  box  enclosing  the  function  name  on  the  menu.  Alternatr  tne 
function  may  be  selected  using  the  keyboard  by  entering  the  character  d  at 

the  left  of  the  name  of  that  function.  GGEN  acknowledges  the  user's  selc  ..  jy 
highlighting  the  box  that  encloses  the  name  of  that  function. 

The  menu  functions  permit  the  user  to  delete  and  create  nodes  and  elements  by 
selecting  node  points  and  elements  on  the  screen  with  the  cross  hair  cursor. 

The  user  can  selectively  display  GGEN  points,  curves,  surfaces,  and  elements 
as  in  GPRIME.  Items  may  also  be  identified  with  labels  as  the  user  chooses.  One 
command  allows  the  redisplay  of  all  currently  defined  items  under  the  control  of 
the  current  plot  parameters.  The  piping  tee  in  Figure  5  uses  the  option  to  shrink 
element  representation  away  from  associated  node  points.  Any  new  items  included  in 
the  paraneter  list  of  this  command  will  also  be  plotted. 


(Xatput 


All  generated  finite  element  data  may  be  passed 
using  a  punch  command.  Point  data,  element  data,  or 
All  current  data  can  be  entered  or,  optionally,  only 


to  a  local  file,  "FEDATA," 
both  can  be  put  on  this  file, 
those  items  that  have  changed 
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since  the  last  usage  of  the  command.  This  output  file  is  available  to  the  user  for 
direct  input  to  finite  element  programs  or  for  later  editing. 


GENERATING  THREE-DIMENSIONAL  SOLID  STRUCTURES:  SOLIDGEN 

Overview 

Hie  first  proposed  application  of  the  GPRIME  geometric  modeling  approach  was 
for  the  generation  of  three-dimensional  solid  finite  element  models.  The  proposed 
concept  consisted  of  two  parts.  First,  GPRIME  surfaces  would  be  defined  to  bound 
the  structural  model.  Then,  a  data  generation  program  would  generate  brick-like 
solid  elements  on  the  interior  of  a  defined  volume. 

The  SOLIDGEN  program  was  developed  to  implement  the  data  generation  concept. 
There  was  no  restriction  on  the  GPRIME  surface  used  to  bound  a  SOLIDGEN  model  and 
those  boundary  surfaces  may  either  define  a  face  of  the  model  or  extend  beyond  the 
region  being  defined,  whichever  the  user  finds  more  convenient.  The  rhape  of  the 
generated  elements  is  governed  by  the  bounding  surfaces  and  additional  reference 
surfaces  provided  by  the  user. 


SOLIDGEN  Technique 

To  generate  a  satisfactory  finite  element  model  with  SOLIDGEN,  the  user  must 
first  visualize  the  general  shape  of  the  generalized  model.  For  example,  will  the 
elements  lie  in  more  or  less  concentric  rings  about  a  cylindrical  recess  or  will 
they  make  up  a  rectangular  brick-work?  This  type  of  information  is  conveyed  to 
SOLIDGEN  by  selecting  and  ordering  the  reference  surfaces  in  such  a  way  that  they 
form  a  mesh  of  six-sided  super  elements,  called  zones.  The  generated  elements  will 
follow  the  general  pattern  defined  by  these  zones. 

The  three  diagrams  of  Figure  6  demonstrate  the  procedure  from  sketch  through 
the  geometry  to  the  solid  element  model  of  a  globe  valve.  The  designer  has  marked 
an  octant  of  the  symmetric  valve  with  reference  surfaces  shown  in  Figure  6a. 
Together,  these  six-sided  super  elements  define  the  boundary  of  the  solid  model. 

The  geometry  required  by  SOLIDGEN  here  is  not  an  exact  detailed  structure  but 
rather  the  general  bounding  surfaces  or  surfaces  of  revolution  seen  in  Figure  6b. 
SOLIDGEN  builds  the  brick  elements  of  Figure  6c  from  these  surfaces.  The  output 
file  contains  all  the  grid  point  and  element  data. 


CONCLUSION 

Although  GPRIME' s  biases  are  toward  the  solution  of  research  and  development 
problems,  obviously  there  are  many  other  areas  of  potential  application.  From 
early  in  its  development  it  was  clear  that  GPRIME  would  provide  a  powerful  geo¬ 
metric  capability  useful  for  many  scientific  applications.  Thus,  it  comes  as  no 
surprise  that  GPRIME  is  being  used  for  hydromechanics  modeling,  for  ship  vulner¬ 
ability  studies,  and  for  infrared  modeling  as  well  as  for  generating  finite  element 
data.  It  offers  potential  use  in  simulation,  in  finite  elenent  modeling  of  compo¬ 
sites,  and  in  cost  and  weight  estimation  problems.  In  the  manufacturing  area,  its 
possible  applications  to  computer-aided  design  and  computer-aided  manufacturing 
procedures  seem  obvious. 
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A  library  of  B-spline  subroutines  makes  it  a  simple  task  for  program 
developers  to  include  GPRIME  geometry  in  their  prograns.  The  data  generators  GGEN 
and  SOLIDGEN  were  the  first  exanple  of  using  these  internal  routines  for 
specialized  applications,  in  this  case,  to  address  the  needs  of  finite  element 
analyses . 

GPRIME  and  its  data  generators  have  been  providing  a  strong  geometric 
capability,  at  the  forefront  of  geometry  modeling.  In  their  present  form,  they 
do  require  continual  maintenance  on  several  computer  systems  in  order  to  ensure 
their  usefulness.  However,  many  extensions  can  be  made  that  would  enhance  their 
usefulness  to  Navy  programs.  For  example,  the  mathematics  routines  can  be  expanded 
to  include  multiple  intersection  points.  Better  display  characteristics  and 
improved  user-computer  interface  methods  would  help  the  user.  Other  enhancements 
could  permit  graphical  changes  in  the  geometry,  a  more  general  output  format,  and 
the  addition  of  more  elements.  Improved  data-handling  techniques  could  make  the 
data  base  access  even  more  efficient.  As  these  mathematical  and  computer  science 
ideas  become  realities  in  GPRIME,  it  will  become  easier  to  solve  larger  and  more 
complex  problems. 
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Figure  6b  -  Geometry 


Figure  6  -  Globe  Valve,  from  Sketch  to  Solid  Elements 
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ORTHOTROPIC  HOLE  ELEMENT 
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Georgia  Institute  of  Technology 

SUMMARY 

A  finite  element  was  developed  to  adequately  represent  the  state  of  stress  in 
the  region  around  a  circular  hole  in  orthotropic  material  experiencing  reason¬ 
ably  general  loading.  This  has  been  achieved  through  a  complementary  virtual 
work  formulation  of  the  stiffness  and  stress  matrices  for  a  square  element 
with  a  center  circular  hole.  The  element  has  been  incorporated  into  COSMIC- 
NASTRAN  as  a  "dummy"  element.  Sample  problems  have  been  solved  and  these 
results  are  presented. 

INTRODUCTION 

Mechanical  fastening  is  the  most  used  joining  method  in  present  flight  vehicle 
structures.  This  results  in  connection  details  that  contain  many  circular  holes. 
These  connections  are  subjected  to  very  general  loading  with  the  additional 
complications  of  load  transfer  through  fasteners  and  the  use  of  nonisotroplc 
materials  in  the  connection.  Because  of  the  high  stresses  in  these  areas,  it 
is  important  that  an  accurate  evaluation  of  the  local  stresses  around  each 
hole  be  obtained  to  evaluate  the  performance  of  the  joint. 

The  finite  element  method  is  an  effective  way  to  treat  problems  with  complex 
geometry,  material,  and  loading.  However,  because  of  the  complexity  of  the 
stress  state  around  fastener  holes,  a  large  number  of  conventional  elements 
would  be  required  to  provide  an  adequate  representation  of  the  hole  neighbor¬ 
hood,  This  means  the  cost  of  the  analysis,  both  in  computer  costs  and  man¬ 
hours,  will  be  high. 
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A  solution  to  this  problem  would  be  an  efficient  special  purpose  finite 
element  which  provides  an  accurate  representation  of  the  :/~ate  of  stress 
around  a  hole  without  the  need  for  many  conventional  elements*  This  has 
been  done  previously  for  isotropic  materials.  In  1981,  under  a  contract 
with  NASA-Langley,  Lockheed-Georgia  Co.  developed  an  orthotropic  hole  element 
(Ref.  1). 


ELEMENT  GEOMETRY 

The  orthotropic  hole  element  is  considered  to  be  a  thin  plate  in  a  state  of 
plane  stress  with  displacements  on  the  external  boundary  specified  so  as  to 
insure  displacement  continuity  with  adjacent  elements.  The  element  is  a 
variable-noded  total  element  and  is  defined  via  ADUM7,  CDUM7,  and  PDUM7  input 
cards  into  NASTRAN.  The  user  may  specify  the  number  of  nodes  on  each  of  the 
three  boundaries  as  shown  in  Figure  1.  The  nodes  on  the  exterior  of  the 
element  have  two  cartesian  degrees  of  freedom  whereas  the  nodes  on  the  hole 
wall  have  only  a  single  radial  degree  of  freedom.  The  ratio  of  element  width 
to  hole  diameter  is  determined  from  grid  point  locations  and  is  thus  a  user 
choice;  however,  a  ratio  of  four  is  recommended.  The  material  properties  may 
be  isotropic  or  orthotropic  and  are  defined  by  MAT1  or  MAT2  cards.  Character¬ 
istics  which  are  not  defined  for  this  element  include  mass  properties,  thermal 
loading,  material  nonlinearity,  and  differential  stiffness. 

ELEMENT  INPUT 

A  great  deal  of  user  flexibility  has  been  retained  in  the  input  for  this  element. 
Defaults  have  been  provided  and  therefore  the  input  can  be  quite  simple.  The 
following  input  is  required  for  the  element: 

o  Total  number  of  nodes 
o  Element  and  property  identification 
o  Grid  point  connection 
o  Material  identification 
o  Thickness 


47 


The  following  input  is  optional: 


o  Number  of  segments  on  each  of  the  three  boundaries 

o  Number  of  integration  intervals  per  segmen.  for 
each  of  the  boundaries 

o  Number  of  Gaussian  integration  points  per  interval 
for  boundary  integration 

o  Number  of  integration  intervals  per  volume  octant 

o  Number  of  stress  terms  with  powers  of  r>  -  2. 

Input  for  each  of  the  four  symmetry  conditions. 

o  Number  of  stress  terms  with  powers  of  r<  -  2. 

Input  for  each  symmetry  condition. 

o  Definition  of  stress  output  locations. 

ELEMENT  ADVANTAGES 

Use  of  the  orthotropic  hole  element  can  result  in  a  substantial  savings  in 
computer  costs  and  manhours.  Savings  in  computer  costs  can  be  obtained  partic¬ 
ularly  with  models  containing  multiple  holes  because  the  congruency  feature  of 
NASTRAN  can  be  used  conveniently.  This  means  that  several  hole  elements  of 
similar  geometry  can  be  included  in  the  model  and  the  stiffness  matrix  is  only 
generated  once.  For  complex  geometries  involving  conventional  elements,  the 
congruency  feature  is  impractical. 

Use  of  the  hole  element  can  also  result  in  substantial  savings  in  manhours.  A 
single  hole  element  can  replace  dozens  or  even  hundreds  of  conventional  elements, 
therefore  reducing  the  time  required  for  modeling.  Typically,  an  orthotropic 
hole  element  can  be  defined  with  eight  input  cards,  thus  no  data  generators  or 
preprocessors  are  required  for  these  areas  of  the  model.  Another  advantage 
that  results  in  manhour  savings  is  the  stress  output  generated  by  the  hole 
element.  The  user  can  obtain  stress  components  at  any  location  within  the 
element.  With  a  conventional  model,  obtaining  stresses  at  desired  locations 
can  be  a  laborious  task  because  of  the  need  to  manipulate  data  and  because  of 
the  large  number  of  elements  involved. 
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EXAMPLE  PROBLEMS 


The  example  problems  which  follow  were  solved  with  the  COSMIC-NASTRAN  program 
at  Lockheed-Georgia  Company  with  the  orthotropic  hole  element  implemented. 
They  are  intended  to  demonstrate  the  performance  of  the  element  in  a  variety 
of  applications. 


Isotropic  Plate  with  Uniaxial  Tension 

The  orthotropic  hole  element  can  be  used  in  isotropic  applications  by  simply 
specifying  isotropic  elastic  coefficients.  This  is  demonstrated  by  presenting 
the  solution  for  an  infinite  isotropic  plate  with  unit  uniaxial  tension  at 
infinity  (see  Figure  2).  The  finite  element  model  is  shown  in  Figure  3.  The 
plate  width  is  20  times  the  hole  diameter,  which  represents  an  essentially 
infinite  plate.  Poisson's  ratio  is  set  at  0.3205. 

Table  1  presents  results  for  the  three  stress  components  at  four  values  of 
radius  and  four  values  of  0.  The  hole  element  stiffness  and  stress  matrices 
were  based  on  a  geometry  of  8  exterior  nodes  and  12  interior  nodes  (on  the 
hole  boundary).  The  hole  boundary  is  given  by  r  =  1,  Note  the  excellent  sat¬ 
isfaction  of  the  zero  radial  stress  boundary  condition;  the  results  were  typi¬ 
cally  10  ^  times  the  magnitude  of  external  loading.  The  circumferential  stress 
results  are  also  very  good,  with  an  error  of  only  0.2%  on  the  maximum  tension 
stress  concentration  factor  and  1.5%  on  the  maximum  compression  stress.  The 
zero  shea  stress  condition  is  perfectly  satisfied  since  it  was  included  in 
the  original  stress  assumptions. 

The  stresses  away  from  the  hole  boundary  are  also  very  well  represented  by 
the  hole  element  results. 


49 


Isotropic  Plate  with  Half  Cosine  Loaded  Hole 


A  load  transfer  problem  for  which  a  comparison  solution  is  available  (Ref .  3)  is 
that  of  an  infinite  isotropic  plate  with  Poisson's  ratio  equal  to  0.25,  loaded 
with  uniform  traction  on  one  end  and  a  cosine  variation  of  radial  tractions  on 
the  hole  boundary  (see  Figure  4).  The  total  load  on  the  end  is  equal  to  2P, 
and  the  radial  tractions  on  the  loaded  hole  boundary  are  given  by 


Tr  =  4P  cos  <f>  i 

7T 


-  7T  _  , 

7<  0 


7t 

2 


The  finite  element  model  is  shown  in  Figure  3.  Table  II  presents  results  for 
the  region  around  the  hole,  based  on  a  geometry  of  8  exterior  nodes  and  16 
interior  nodes.  The  value  of  P  is  set  equal  to  1.0. 

Stresses  at  the  hole  boundary  are  very  well  represented  by  the  finite  element 

results.  The  radial  stresses  follow  the  cosine  curve  over  the  loaded  region 

-2 

and  are  of  the  order  of  10  on  the  unloaded  portion  of  the  boundary.  The 
variation  of  circumferential  stress  is  reasonably  accurate,  with  an  error  of 
3%  on  the  maximum  stress  concentration. 


In  the  region  around  the  hole,  the  results  from  the  hole  element  solution 
continue  to  give  a  good  description  of  the  stress  state. 

+45°  Laminated  Plate 


The  example  problems  with  isotropic  material  serve  to  confirm  the  basic  theoret¬ 
ical  approach  and  to  partially  validate  the  computer  solution.  There  remains  to 
demonstrate  satisfactory  performance  in  applications  with  orthotropic  materials. 
The  first  material  selected  has  material  properties  as  follows: 


E  =  E  =  E, 
x  y 


G  =  1.697528E,  v  =  v  =  0.735 
xy  yx  xy 


Note  that  even  though  E  =  E  ,  this  material  is  rather  "far"  from  isotropic, 

x  y 

with  some  unspecified  measure,  due  to  the  large  value  of  Poisson's  ratio  and 
the  fact  that  E,  G,  and  v  do  not  satisfy  the  isotropic  relationship.  These 
properties  describe  the  +45°  graphite/epoxy  laminate  considered  in  Reference  4. 
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The  first  loading  is  unit  tensile  tractions  in  the  y-direction,  applied  as 

shown  in  Figure  2  with  the  finite  element  model  given  in  Figure  3.  The 

—6 

computed  radial  stresses  at  the  hole  boundary  were  of  the  order  10  times 
the  exterior  loading  thus  satisfying  traction  boundary  conditions.  Figure  5 
shows  the  variation  of  circumferential  stress  around  the  hole  boundary  for  a 
hole  element  geometry  consisting  of  8  exterior  nodes  and  12  interior  nodes. 

Also  shown  is  the  exact  solution  for  an  infinite  plate,  given  by 

T0  =  3.05786  cos2  6-1 _ 

2.8809072(cos4  0  -  cos2  0)  +  1 

which  can  be  deduced  from  Reference  5,  p.  175.  The  orthotropic  hole  element 
results  contain  the  essential  feature  that  the  maximum  stress  concentration 
does  not  occur  at  the  familiar  location  of  0  =  0°.  The  error  in  maximum  stress 
is  only  0.7%. 

The  hole  loaded  with  half-cosine  distributed  tractions  has  also  been  solved; 
see  Figure  4.  The  resulting  radial  stresses  on  the  boundary  are  essentially 
identical  to  the  results  achieved  in  the  case  of  isotropic  material.  The 
maximum  circumferential  stress  on  the  hole  boundary  is  TQ  *  0.79  at  ^>=  125°, 
which  can  be  compared  with  the  hole  element  results  for  isotropic  material  uf 
T q  =  0.84  at  <f>=  85°.  Again,  it  is  seen  that  the  location  of  maximum  stress 
has  shifted  around  the  circle  from  the  familiar  location. 

,  Plywood 

The  next  material  selected  has  properties  as  follows: 

E  -  E,  E  =  2E,  G  =  0.11667E,  v  =  0.036 
y  x  xy  xy 

These  properties  describe  a  plywood  material  for  which  Reference  5  contains  many 
..esults  for  an  infinite  plate.  Note  that  the  plywood  properties  are  quite 
different  from  the  +45°  lamination  properties,  both  in  magnitudes  and  relation¬ 
ships.  This  provides  further  checks  on  the  ability  of  the  hole  element  to 
handle  different  types  of  orthotropic  material. 
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The  types  of  loading  considered  are  unit  tensile  tractions  in  the  y-direction 
(Figure  2) ,  unit  compressive  tractions  in  the  x-direction  with  constraint  in 
the  y-direction  (Figure  6a) ,  and  uniform  unit  internal  pressure  on  the  hole 
boundary  (Figure  6b).  For  all  cases,  the  finite  element  model  is  shown  in 
Figure  3;  and  the  element  geometry  contains  8  exterior  nodes  and  24  interior 
nodes. 

For  the  uniaxial  tension,  there  is  the  usual  excellent  satisfaction  of  traction 
boundary  condition,  with  T of  the  order  10  ^ .  Circumferential  stresses  around 
the  hole  boundary  are  shown  in  Figure  7.  Also  shown  are  the  exact  results  for 
an  infinite  plate,  given  by 

Tq  =  _ 4.8557  cos2  6  -  0.7071 _ 

-6.9994  cos4  0  +  7.4994  cos2  0  +  0.5 

which  can  be  deduced  from  Reference  5  p.  175.  The  general  features  of  the  variation 
of  stress  are  demonstrated  by  the  hole  element  results. 

The  constrained  compression  results  satisfy  the  hole  boundary  conditions,  with 
Tr  of  the  order  10  .  Circumferential  stresses  around  the  boundary  are  shown 

in  Figure  8.  The  exact  results  for  infinite  plate  are  given  by 

Tq  =  1,1155  -  6.5174  sin20 _ 

-13.9989  sin4  0  +  12.9989  sin2  0+2 

deduced  from  Reference  5  p.  179. 

The  internal  pressure  results  provided  boundary  radial  stresses  of  the  magnitude 
-1.00002,  which  is  again  excellent  satisfaction  of  boundary  conditions.  Circum¬ 
ferential  stresses  around  the  boundary  are  shown  in  Figure  9,  compared  to 
infinite  plate  exact  results  given  by  Reference  5  p.  173. 

Tn  =  4.8829  -  15.8432  sin2  0  +  13.9989  sin40 

"  -  ^ 

2  +  12.9989  sin  0  -  13.9989  sin  0 
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Orthotropic  Laminates  with  Pin-Loaded  Holes 


A  class  of  problems  which  is  of  particular  interest  to  the  aircraft  industry 
is  that  of  pin-loaded  holes  in  orthotropic  laminates.  Finite  element  solutions 
for  a  variety  of  graphite  epoxy  laminates  were  presented  by  Crews  (Ref.  6).  The 
finite  element  model  used  for  these  analyses  was  quite  detailed,  as  shown  in 
Figure  10.  These  results  are  used  here  as  a  basis  of  comparison  to  results 
obtained  using  the  orthotropic  hole  element. 

A  NASTRAN  model  was  constructed  as  shown  in  Figure  11.  The  particular  case 
presented  here  is  for  W/d  =  20.  The  load  is  applied  at  the  center  of  the 
fastener  and  is  reacted  on  both  edges  of  the  model  in  order  to  more  closely 
approximate  an  infinite  sheet.  A  feature  of  Lockheed-Georgia's  version  of 
COSMIC-NASTRAN  was  invoked  to  properly  account  for  the  contact  area  of  the 
fastener.  The  hole  element  geometry  consisted  of  16  exterior  nodes  and  20 
interior  nodes.  Six  different  laminates  were  considered.  These  were  (1)  quasi¬ 
isotropic  (2)  0°  (3)  90°  (4)  [0°/90°]s  (5)  [ +45°] s  and  (6)  [o°/+45°]s. 

Figures  12-17  present  plots  of  the  tangential  and  radial  stress  components 
obtained  by  the  hole  element  for  these  respective  materials  in  comparison  to 
the  results  obtained  by  Crews  using  a  detailed  classical  model. 

These  plots  indicate  that  a  reasonable  correlation  was  obtained  for  the  tangential 
stress  distribution  at  the  hole  boundary.  Peak  tangential  stress  differed  by  no 
more  than  12%.  Excellent  correlation  of  radial  stress  distribution  was  obtained 
for  all  cases. 


Multiple  Holes 

Figure  18  shows  a  finite  element  model  of  a  plate  containing  five  holes.  For 
economy  in  modeling,  it  is  desirable  to  develop  the  hole  element  stiffness 
matrix  only  once  and  then  transform  this  matrix  as  necessary  to  represent  all 
the  hole  elements.  This  is  possible  in  NASTRAN  by  using  the  congruency  feature, 
and  this  feature  has  been  checked  by  determining  the  solution  to  Figure  18  with 
tension  applied  parallel  to  the  row  of  holes.  The  material  is  isotropic  with 
Poisson's  ratio  of  0.3205. 
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The  maximum  stress  concentration  factor  is  given  in  Reference  7,  p.  194  for  an 
intermediate  hole  in  an  infinite  row  of  holes.  In  order  to  simulate  the 
infinite  row,  the  displacements  of  each  loaded  end  of  the  model  were  constrained 
to  be  uniform  across  the  width  of  the  plate.  The  finite  element  result  for 
stress  concentration  is  2.78,  based  on  a  hole  element  geometry  containing  8 
exterior  nodes  and  12  interior  nodes.  Reference  7  gives  2.65;  there  is  a  5% 
difference  in  results. 


Concluding  Remarks 

The  performance  of  the  orthotropic  hole  element  in  solving  a  variety  of  problems 
has  demonstrated  that  it  can  produce  acceptable  results  with  significant  advantages 
in  computer  costs,  model  preparation  time,  and  post-processing  of  data.  Even 
though  the  emphasis  in  this  paper  has  been  on  problems  concerning  fastener  holes, 
the  use  of  this  element  is  applicable  to  any  isotropic  or  orthotropic  plate 
containing  circular  holes. 
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STRESSES  FOR  AN  ISOTROPIC  PLATE  WITH  LOAD  TRANSFER 
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Element  Results 


15 


Figure  1.  Orthotropic 


5: 


Figure  3.  Finite  Element  Model 
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Figure  Lead  Tiansfer  Problem 


(b)  Internal  Pressure 


Figure  6.  External  Loadings 
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infinite  plate 
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Figure  7.  Circumferential  Stress  at  the  Open  Hole  Boundary 
for  Plywood  with  Unit  Uniaxial  Tensile  Traction 


Circumferential  Stress  at  the  Hole  Boundary  for 
Plywood  with  Unit  Internal  Pressure  on  the  Boundary 
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Figure  11.  Finite  Element  Muuel  with  Hole  Element 
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Figure  12.  Stresses  in  the  Quasi-Isotropic  Laminate 


Figure  13.  Stresses  in  the  0  Laminate 
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Figure  14.  Stresses  in  the  90  Laminate 
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Stresses  in  the  [+45°3  Laminate 


Mgure  17 .  Stresses  in  che  £o  /+45°3  Laminate 


Figure  18.  Finite  Element  Model  for  a  Plate 
with  Multiple  Holes 
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GENERALIZING  THE  TRAPRG  AND  TRAPAX  FINITE  ELEMENTS 


Myles  M.  Hurwitz 


David  W.  Taylor  Naval  Ship  R&D  Center 
Bethesda ,  Maryland  20084 


SUMMARY 

The  NASTRAN  TRAPRG  and  TRAPAX  finite  elements  are  very  restrictive  as  to  shape 
and  grid  point  numbering.  The  elements  must  be  trapezoidal  with  two  sides  parallel 
to  the  radial  axis.  In  addition,  the  ordering  of  the  grid  points  on  the  element 
connection  card  must  follow  strict  rules.  The  paper  describes  the  generalization  of 
these  elanents  so  that  these  restrictions  no  longer  apply. 


INTRODUCTION 

Since  NASTRAN's  inception  in  the  early  1970’s,  the  axisymmetric  trapezoidal 
ring  element  TRAPRG  has  been  an  accurate,  efficient  element  used  in  solid  axisymmet¬ 
ric  problans.  More  recently,  the  TRAPAX  elanent  was  introduced  to  handle  non- 
axisymmetric  loading  for  such  structures.  While  these  two  elements  usually  perform 
very  well,  the  restrictions  imposed  upon  the  user  in  the  specification  of  the 
elements  can  be  considered,  at  best,  difficult,  at  worst,  unreasonable,  in  light  of 
today's  automatic  data  generators.  The  restrictions  require  that  the  elanents  be 
trapezoidal,  rather  then  generally  quadrilateral ,  with  the  top  and  bottom  edges 
parallel  to  the  radial  axis.  Also,  the  specification  of  the  grid  points  on  the 
connection  card  must  be  given  counterclockwise  starting  with  the  grid  point  with 
smaller  radial  coordinate  of  the  two  grid  points  with  the  smaller  axial  coordinate. 
This  paper  presents  the  reasons  for  these  restrictions,  how  the  restrictions  have 
been  removed,  the  imposition  of  a  new,  but  less  stringent  restriction,  and  an 
example  problem. 


THEORY 

Hie  stiffness  matrix  for  a  finite  element  is  usually  represented  as 


[K]  =  /v[B]T[D][B]dv 


(1) 


where  IB]  is  the  matrix  of  strain-displacement  relations  and  [D]  is  the  materials 
matrix  describing  the  constitutive  relations.  The  NASTRAN  Theoretical  Manual  (ref. 
1)  defines  [B]  for  TRAPRG  and  TRAPAX  elements.  The  manual  shows  that,  in  order  to 


4.  u  ~  :  w4-  ~  i'  /  i  \  *-u  ~  :  «*.  «  - 

cvai  uavc  ax  ua  LijuavitMi  \  ,  tuc  inuc^i  axo 


f 


P  q 

r  •?  ^ 


-'A  r  z^drdz,  p  --  -1  ,  0,  1,  2,  3 


’  =  0,  1,  2 


(2) 
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roust  be  evaluated  over  the  cross-sectional  area  of  the  element.  The  NASTRAN  Pro¬ 
grammer’s  Manual  (ref.  2)  describes  how  the  integrals  (2)  are  computed  analytically. 
It  is  because  of  the  nature  of  the  expressions  involved  in  the  exact  representation 
of  these  integrals  that  the  original  restrictions  on  the  elements  were  imposed.  The 
restrictions  have  been  removed  by  replacing  the  exact  integration  with  Uauss  quadra¬ 
ture  ,  as  follows . 


“hie  three-point  quadrature  is  given  as 

3  3 


fk  r»*W  =  E  E  '•pz“(S1,  nm)  |j<5r  y  I 


(3) 


where 


=  E  N 


i=l 


i’i 


E  N  z 

i=l  1  1 


N^  =  1/4(1  +  55^)  (1  +  hrL) ,  the  linear  isoparametric  shape  function 
over  the  square  5  =  -1  to  +1  and  n  =  -1  to  +1 


ri’  zi 


r,z  coordinates  of  the  grid  points  at  the  four  corners  of 
the  element 


5 


1 


ra 


isoparametric  coordinates  at  which  rpzq  is  evaluated  in 
a  three-point  Gauss  quadrature 


Hu  =  quadrature  weights  corresponding  to  5^,  h 


determinant  of  the  Jacobian, 

at  U.  ,  n) 
l  m 


3r  3z 

35  35 

3r  3z 

3n  3  n 


evaluated 


With  this  formulation,  the  restrictions  on  the  trapezoidal  shape  and  grid  point  num¬ 
bering  can  be  removed. 

There  is,  however,  one  situation  which  can  cause  numerical  problems.  Note 
that,  in  integrals  (2),  if  p  =  -1  and  r  ■*  0,  then  the  integral  ■*  00  .  Two  cases  can 
be  examined.  The  first  is  the  core  element,  a  TRAPRG  element  with  exactly  two  grid 
points  with  zero  radius.  (NASTRAN  does  not  allow  the  TRAPAX  element  to  be  a  core 
element  since  it  does  not  allow  a  RINGAX  ring  to  have  a  zero  radius.)  At  these  two 
points,  the  radial  displacement  must  be  zero.  This  condition  can  be  assured  as 
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follows.  If  u  and  w  are  the  radial  and  axial  displacements,  respectively,  at  some 
point  within  an  element,  then  the  assumed  displacement  functions  are  (ref.  1) 


u  =  B1+B2r+B^+  B^rz 
w  =  B,.  +  B^r  +  B^z  +  B^rz 


(A) 

(5) 


where  the  Bi  are  unknown  coefficients.  Then, 


V 

W1 

1  : 

> 

H 

Bu 

-1 

- 

v 

r 

l  w4 

- 

B8 

k  i 

where  u. ,  w.  are  the  displacements  of  the  ith  grid  point.  If  r^  =  0,  then  u  must 
be  0,  wnich1means  that  the  (2.-»1)th  coluon  of  H,  can  be  zeroed*  In  addition,  from 
Equation  (4),  0  =  u  =  B.  +  B  z  for  all  z.  Therefore,  0  =  B.)  =  B  ,  which  can  be 
assured  by  zeroing  the  firsthand  third  colunns  of  However,  the  only  terms  of 

H„  which  contain  a  form  of  (2)  with  p  =  -1  are  in  uie  first  and  third  columns. 
Therefore,  for  a  TRAPRG  core  element  with  ri  =  0,  no  numerical  problems  exist. 


Now  consider  a  second  case  -  one  where  some  r^  is  small  compared  with  some 
other  r.  in  the  elanent.  Comparisons  between  the  analytical  integration  and  the 
Gauss  quadrature  show  that  if 


£  >  10  (7) 

rmln 

then  the  Gauss  quadrature  results  begin  to  significantly  degrade  (r  =  max  r . , 
i  =  1,  ....  4).  Therefore,  inequality  (7)  is  not  allowed.  This  restriction  should 
impose  a  hardship  mainly  when  a  TKAPAX  core  element  is  desired.  This  hardship  how¬ 
ever  should  require  only  an  extra  elanent  or  two  to  transition  to  larger  radii. 


SAMPLE  PROBLEM 


The  sample  problan  for  this  work  was  a  normal  modes  analysis  of  a  thick-walled 
cylinder  of  inner  radius  5.0  inches,  outer  radius  6.25  inches,  and  length  3.5 
inches.  The  finite  eiem*.  't  model  for  the  unmodified  version  of  NASTRAN  is  shown  in 
Figure  la  and,  for  the  version  which  removes  the  restriction,  in  Figure  1b.  Both 


models  used  the  THAPAX  elanent . 


xaui€ 


of  the  results  shows  a  degradation  at  the  highest  mode  computed, 
be  expected  because  of  the  severity  of  the  non-uniform  mesh. 


The  comparison 
However,  this  can 
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TABLE  1 


COMPARATIVE  RESULTS 


MODE 

NATURAL  FREQUENCIES  (CPS) 

RESTRICTIVE 

ELEMENTS 

GENERAL 

ELEMENTS 

1 

1090.003 

1090. 000 

2 

1660.250 

16  60.864 

3 

1760.034 

1760.  101 

4 

1988. 622 

1989. 121 

5 

2071.862 

2071. 920 

6 

5407.311 

5209.751 
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ACOUSTICAL  MODES  OF  ARBITRARY  VOLUMES 
USING  NASTRAN  TRANSIENT  HEAT  TRANSFER  RF9 

V.  Elchurl,  G.  C.  C.  Smith,  A.  Michael  Gallo 
Bell  Aerospace  Textron,  Buffalo,  New  York 


SUMMARY 


An  equivalence  between  temperature  and  pressure,  heat  conduction  and  'stiffness', 
and  heat  capacity  and  'mass'  is  defined,  enabling  acoustical  modal  analysis  of 
arbitrary  three-dimensional  volumes.  The  transient  heat  transfer  analysis  rigid 
format  in  NASTRAN,  RF9,  has  been  ALTERed  providing  the  acoustical  analysis  capa¬ 
bility.  Examples  and  ALTERS  are  included. 


INTRODUCTION 


A  twenty-node  isoparametric  acoustic  finite  element  model  was  developed  in 
Reference  1  for  analyzing  the  acoustic  modes  of  irregular  shaped  cavities.  In  the 
present  paper, 

1.  the  existence  of  an  identical  element  in  NASTRAN  (IHEX2)  and, 

2.  the  recognition  of  the  similarity  between  the  acoustical  matrices  of 
Reference  1  and  the  thermal  matrices  of  NASTRAN 

have  enabled  the  posing  and  solution  of  the  acoustics  eigenvalue  problem  for  arbi¬ 
trary  three-dimensional  cavities  bounded  by  'hard'  acoustic  surfaces.  A  simple 
modification  of  the  transient  heat  transfer  rigid  format  RF9  provides  the  acoustics 
analysis  formulation  in  NASTRAN. 


SIMILARITY  OF  ACOUSTICAL  AND  THERMAL  MATRICES 


Summarizing  the  finite  element  formulation  of  Reference  1,  the  pressure  p  in  a 
volume  V  bounded  by  a  surface  S  satisfies  the  three-dimensional  wave  equation  and 
boundary  conditions: 

V2p  +  (w2/a2)p  =  0  in  V,  and  (1) 

o 

Vp  •  n  =  0  on  S,  (2) 


where  w  is  the  frequency  of  vibration  of  the  acoustical  mode,  ao  is  the  speed  of 
sound,  and  n  is  the  outward  normal  to  S.  Representing  the  volume  V  by  an  assemblage 
of  three-dimensional  finite  elements,  the  corresponding  eigenvalue  problem  becomes 

[K  -  o»2M]  {p>  =  0  ,  (3) 

where  for  the  ith  element 

[k]  ±  =  /  fB]T  [B]  ±dV  ,  (4) 

Vi 


82 


and 


(5) 


=  /  7|LNJ^LN  J£dV  , 
vi 


9_ 

3x 


3__ 

3z 


(6) 


The  shape  function  LnJ^  approximates  the  pressure  within  the  ith  element  in  terms  of 
the  nodal  pressures  {p}^  as 

P  =  LnJ±  {p}i  .  (7) 


A  comparison  with  the  NASTRAN  heat  transfer  analysis  capability  (Ref.  2) 
indicates  that, 

1.  equation  (4)  is  identical  to  the  heat  conduction  matrix,  if  the  thermal 
conductivity  is  unity,  and 

2.  equation  (5)  is  identical  to  the  heat  capacity  matrix,  if  the  thermal 
capacity  per  unit  volume  is  1/ao- 

The  temperature  degrees  of  freedom  in  the  thermal  analysis  are  taken  to  corre¬ 
spond  to  the  pressure  degrees  of  freedom  in  the  acoustics  analysis. 

The  above  correspondence  together  with  the  real  eigenvalue  analysis  module 
(READ)  permit  the  determination  of  the  acoustical  modes  and  frequencies.  An  ALTER 
package  to  be  used  in  HEAT  APPROACH  RF9  is  included  in  the  Appendix. 


EXAMPLES 


The  two  examples  of  Reference  1,  shown  in  Figures  1  and  2,  were  analyzed  using 
the  modified  RF9.  The  results,  generally  in  agreement,  are  presented  in  Tables  1  and 
2,  and  Figure  3.  It  is  noted  that  the  missing  geometric  dimensions  in  Figure  2  were 
scaled  from  the  figure  of  Reference  1. 


CONCLUDING  REMARKS 


With  a  simple  modification,  and  a  'redefinition'  of  thermal  conductivity  and 
l  capacity,  the  transient  heat  transfer  rigid  format  in  NASTRAN  has  been  used  to  deter- 
|  mine  the  acoustical  modes  and  frequencies  of  arbitrary  volumes.  The  volume  can  be 
f  modelled  by  any  of  the  solid  elements  permitted  by  RF9.  Although  only  acoustically 
I  hard  surfaces  have  been  considered  in  this  paper,  simple  extensions  to  other  boundary 
i  conditions  are  considered  to  be  possible. 
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TABLE  1.  ACOUSTIC  FREQUENCIES  OF  A  RIGHT-ANGLED  PARALLEL0P1PED  (cyc/T) 

(a)  Symmetric  Modes 


Mode 

Exact  Frequency* 

Ref.  1 

This  Paper 

1,  0,  0 

699 

702 

680 

2,  0,  0 

1398 

1542 

1495 

0,  0,  1 

1500 

1506 

1460 

1,  0,  1 

1655 

1664 

1613 

2,  0,  1 

2057 

2155 

2090 

3,  0,  0 

2097 

2525 

2448 

3,  0,  1 

2579 

— 

2925 
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TABLE  1. 

ACOUSTIC  FREQUENCIES  OF 

A  RIGHT-ANGLED 

PARALLELOPIPE 

(Contd. ) 

(b)  Antisymmetric  Modes 

Mode 

Exact  Frequency* 

Ref.  1 

This  Pap 

0,  1,  0 

1250 

1255 

1255 

1,  1,  o 

1432 

1440 

1430 

2,  1,  0 

1876 

1988 

1952 

0,  1,  1 

1953 

1963 

1928 

1,  1,  1 

2074 

2089 

2048 

2,  1,  1 

2401 

2499 

2440 

3,  1,  0 

2442 

2875 

2808 

3,  1,  1 

2866 

3346 

3233 

*  f 

„  -  ¥  +  (f-)2 

+  , 

(Ref.  1) 

&x>  Ay,  sides  of  the  parallelopiped 


TABLE  2. 

ACOUSTIC  FREQUENCIES 

OF  MODEL  VAN 

(cyc/T) 

(a)  Symmetric 

Modes 

Ref.  1 

Mode 

Experimental 

Calculated 

This  Paper 

1 

606 

593 

562 

2 

1174 

1150 

1104 

3 

1549 

1556 

1524 

4 

1613 

1605 

1580 

5 

1817 

1829 

1751 

6 

1992 

2026 

1993 

Mode 

(b)  Antisymmetric 
Ref.  1 

Experimental 

Modes 

Calculated 

This  Paper 

1 

1220 

1168 

1118 

2 

1352 

1317 

1245 

Cf 

1675 

1634 

1568 

4 

1996 

1956 

1940 

5 

2021 

1997 

1968 

6 

2176 

2187 

2109 

85 


This  half 
modelled 


FIGURE  1.  DETAILS  OF  RIGHT-ANGLED  PARALLELOPIPED 


This  half 
modelled 


FIGURE  3.  SYMME"  .i.C  ACOUSTIC  MODES  OF  MODEL  VAN  (Figure  2) 


AN  ALTERNATIVE  METHOD  OF  ANALYSIS  FOR  BASE 


ACCELERATED  DYNAMIC  RESPONSE  IN  NASTRAN 

V.  Elchuri,  A.  Michael  Gallo,  G.  C.  C.  Smith 
Bell  Aerospace  Textron,  Buffalo,  New  York 


SUMMARY 


An  alternative  method  of  analysis  to  determine  the  dynamic  response  of 
structures  subjected  to  base  accelerations  is  presented.  The  method  is  exact  as 
opposed  to  the  approximate  technique  of  using  unusually  large  masses  and  loads  to 
enforce  desired  base  accelerations.  This  paper  presents  the  relevant  equations  of 
motion,  ALTERS  for  direct  and  modal  frequency-,  random-  and  transient-response  rigid 
formats,  and  illustrative  examples. 


INTRODUCTION 


Dynamic  environments  of  industrial  structures  and  structural 
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frequently  specified  in  terms  of  base  accelerations.  T1 
bilities  of  NASTRAN,  however,  provide  for  the  specif .ica 
accelerations.  An  approximate  technique  is  therefore.  , 
the  structural  degrees  of  freedom  with  known  (base)  acct 
large  masses  (or  mass  moments  of  inertias,  of  the  order  o. 
total  structural  mass)  and  subjected  to  correspondingly  la:  t 

desired  base  accelerations  (ref.  1).  This  method  can,  in  seme  iT  ,«.»n 
erroneous  results  as  shown  by  the  frequency  response  function  in  Fi 
function  represents  axx  in  element  2  when  the  cantilevered  plate,  s. 

Figure  2,  is  subjected  to  a  unit  base  acceleration  z  (f)  =1.  A  concur  l  mass 

of  10s  units  was  used  in  the  z  (translation)  degree  of  freedom  at  grid  pc.  .  1.  The 
solution  was  obtained  using  the  direct  frequency  and  random-response  rigid  format 
DISP  RF  8.  A  viscous  damping  matrix  proportional  to  the  structural  stiffness  matrix, 
BDD  =2.0  E-6  KDD,  was  used  enabling  a  direct  comparison  of  the  results  with  those 
from  the  alternative  method. 


The  method  discussed  in  the  following  sections  avoids  the  use  of  fictitious 
large  masses  thereby  eliminating  any  associated  conditioning  problems.  For  a  modal 
formulation  of  the  problem,  the  modal  basis  currently  available  in  NASTRAN  rigid 
formats  is  used.  These  modes  are  the  base-relaxed  modes  including  rigid  body  modes, 
and  constitute  a  plausible  basis  for  base  excited  dynamic  response  calculations. 

The  prevailing  boundary  conditions  are  satisfied  by  all  modes.  The  user  directly 
specifies  base  accelerations  on  existing  NASTRAN  bulk  data  cards. 


NOMENCLATURE 


Note:  A  consistent  set  of  FLT  units  has  been  used  throughout  this  paper. 
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Damping  matrix,  FL  T 
Viscous  damping,  FL 
Frequency,  T  ^ 

Modal  damping  coefficient 


Stiffness  matrix  FL 


Stiffness,  FL 

-1  2 

Mass  matrix,  FL  T 
Mass,  FL“1T2 
Load  vector,  F 

Derivative  operator  ~  ,  T  ^ 

Time,  T 

Displacement  vector,  L 

-2 

Translational  accelerations,  LT 
Circular  frequency  =  2irf,  T  ^ 

Circular  frequency  of  ith  natural  mode,  T 


Modal  matrix 


o  .  Normal  stress  component  in  basic  x  direction,  z-  fiber,  FL 

XX  j  J. 

Subscripts: 

a,  d,  h,  H,  p,  r  NASTRAN  displacement  sets 
D  =  d-r  set 


METHOD  OF  ANALYSIS 


Direct  Formulation 


After  the  application  of  constraints  and  partitioning  to  both  structural  and 
direct  input  matrices,  the  equation  of  forced  motion  is 


90 


,[Mdd>2  +  CBdd]p  +  [Kddl]{ud)  ■  {pd  (t  01  “»  • 

The  displacement  vector  is  partitioned  as 


{u, }  =  ,  (2) 

d  u 

r 

with  ur  representing  the  base  accelerated  degrees  of  freedom.  Equation  (1)  can  now 
be  rearranged  into  the  fo.  lowing  two  equations: 


rMDD  I  0  i  2  ,  rBDD  '■  BDn  ,  r^D  |  KDri  /  UD  1 

[ttH  »  +  [-6‘T-o-J  p  +  t-o-f  \— / 

i  rr  ■  1  J  v  r ' 


[Mrrip2  v 


,  and 


f[H  _JM  ]p2  +  [B  _|B  ]p  +  [K  ',K  ]]{---}  =  {P  }  * 

rDj  rrJ  rD,  rrJ  rDt  rrJ  u  r  .  (4) 

u  J  r 

2  2 
Given  the  base  accelerations  p  ur,  equation  (3)  is  solved  for  u^,  pu^  and  p  u^. 

Equation  (4),  in  turn,  can  be  solved  for  Pr —  the  loads  required  on  the  base  degrees 

of  freedom  to  cause  the  desired  base  accelerations. 


Modal  Formulation 


The  displacement  vector  u^  is  written  as 

(ud> '  („;}  ’  "  ^dhJ^h1  •  <5) 

where  the  modal  matrix  has  been  appropriately  ‘  cpanded  to  include  any  extra 
points  (ref.  2).  Substituting  equation  (5)  in  eq’-i  .on  (3),  and  premultiplying  both 
sides  by  (j)^,  the  resulting  equation  of  motion  is 


where 


pw»2  -  [BJ» +  M'v  -  {v  • 

^  -  tw1  . 

L  ,  rrJ 

IXJ  =  [bbj  +  [*,jT  rB5?i!srl  . 


L  oTo"J 


CW  ’  [*dh]Tfei^£l^dh] 


o  ;  o 

l 


,  and 


(continued) 
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(continued) 


(7) 


fpp  -  cyp2y 

1  [Mrr]p2(ur) 


Consistent  with  the  existing  capabilities  of  NASTRAN  rigid  formats  for  modal 
frequency-  and  random-,  and  transient-response  analyses  (DISP  RFs  11  and  12) ,  the 
modal  damping  matrix  Bhh  consists  of  contributions  due  to, 

1.  the  damping  matrix  Bj^  proportional  to  the  mass  matrix  as 


<1  '  E  -S  3  E*dh]T  [^1-5-4^ 


with  the  elements  of  the  diagonal  matrix  corresponding  to  all  extra  points  set  to 
zero,  and 


2.  the  direct  input  matrix. 

2  2 
Given  the  base  accelerations  p  ur,  equation  (6)  is  solved  for  u^,  pu^  and  p  u^. 

Equation  (5)  is  used  to  recover  the  displacement  vector  u^  and  its  rates  pu^  and 

p^u^.  Equation  (4)  can  be  used  to  recover  the  loads  Pr.  The  damping  terms  Br^  and 

Brr  are  partitions  of  the  directly  specified  damping  matrix  B2PP. 


IMPLEMENTATION  IN  NASTRAN 

The  method  of  analysis  discussed  in  the  previous  section  has  been  implemented 
in  NASTRAN  April  1982  release  in  the  form  of  DMAP  ALTERS.  The  ALTER  packages  for  the 
displacement  approach  rigid  format^  8,  9,  11  and  12  are  given  in  the  Appendix. 
Existing  NASTRAN  utility  modules  ..ave  been  used  to  partition  and  merge  various 
matrices  for  the  rearranged  equation  of  motion.  The  functional  module  FRRD2  for  the 
frequency  response  rigid  formats  has  been  modified  to  solve  coupled  equations  of 
motion.  These  modifications  are  also  included  in  the  Appendix. 

In  using  these  ALTER  packages,  the  following  points  are  to  be  considered. 

1.  The  base  accelerated  degrees  of  freedom  are  specified  on  the  SUPORT  bulk  data 
card. 


2.  The  base  accelerations  are  specified  on  RLOADi  or  TLOADi  bulk  data  cards  akin 
to  specifying  loads. 

3.  The  base  accelerated  degrees  of  freedom  must  have  non-zero  mass  (or  mass  moment 
of  inertia).  No  fictitious  large  masses  are  required. 

4.  In  rigid  formats  8  and  11,  external  loads  can  be  applied  to  all  (p-r)  set 
degrees  of  freedom. 

5.  In  rigid  formats  9  and  12,  external  loads  can  be  applied  to  all  (d-r)  set 
degrees  of  freedom. 


6. 


An  OLOAD  request  for  the  base  accelerated  (r  set)  degrees  of  freedom  in  RFs  8 
and  11  results  in  the  loads  on  these  degrees  of  freedom  necessary  to  cause  the 


specified  base  accelerations.  Such  a  request  in  RFs  9  and  12  will  output  the 

specified  base  accelerations.  This  is  due  t.c  the  non-availability  of  pu^  and 

p^u^  in  distinct  data  blocks. 

7.  If  OLOADs  are  requested  for  the  base  accelerated  degrees  of  freedom  in  RF8  and 

11,  a  real  diagonal  matrix  named  FREQ  must  be  input  on  DMI  bulk  data  cards  with 
entries  sorted  in  an  ascending  order  from  the  FREQ  or  FREQi  bulk  data  card. 

The  order  of  the  FREQ  matrix  must  be  equal  to  the  entries  on  the  FREQ  or  FREQi 

bulk  data  card. 

8.  Mode  acceleration  method  of  data  recovery  is  available  both  in  RF11  and 
RF12. 

9.  The  data  recovery  procedures  in  all  the  four  rigid  formats  remain  unchanged, 
with  the  exception  of  stress  recovery.  The  stresses  are  computed  using  dis¬ 
placements  (or  modal  displacements)  relative  to  the  base.  This  is  due  to  the 
fact  that  in  problems  with  specified  base  accelerations,  the  absolute  displace¬ 
ments  can  become  extremely  large.  The  subsequent  stress  calculations,  as  a 
result,  are  based  on  small  differences  of  large  numbers,  and  can  be  in  error  as 
shown  by  the  stress  response  at  very  low  frequencies  in  Figure  1.  It  is  to  be 
noted  that  any  limitations  imposed  by  these  ALTER  packages  are  as  a  direct 
result  of  utilizing  existing  functional  and  utility  modules,  with  the  necessary 
exception  of  FRRD2.  These  limitations  can  easily  be  overcome  by  creating  new 
(dummy)  nodules. 


ILLUSTRATIVE  EXAMPLES 


Two  problems  (Figures  2  and  3)  are  considered  to  illustrate  the  alternative 
method  of  determining  base  accelerated  dynamic  response.  The  problem  in  Figure  3  is 
used  to  illustrate  the  accuracy  of  all  the  four  ALTER  packages.  The  problem  in 
Figure  2  is  used  to  compare  response  calculations  with  those  shown  in  Figure  1. 

Figure  3  shows  a  2-degree  of  freedom  system  subjected  to  a  known  base  accelera¬ 
tion  at  mass  mi.  The  problem  is  tc  determine  the  acceleration  response  of  mass  m2- 
The  following  steps  are  followed  in  obtaining  and  cross-checking  the  solution  by 
various  ways : 

1.  RF8  with  ALTERS  is  used  to  determine  ^(f)  and  P^(f),  given  y^(f). 

2.  RF8  without  ALTERS  is  used  to  determine  y^(f)  and  y 2 ( f )  >  given  P-^(f). 

3.  Steps  1  and  2  are  repeated  with  RF11. 

4.  RF9  with  ALTERS  is  used  to  determine  y2(t),  given  y^(t). 

5.  Step  4  is  repeated  with  RF12. 

Figures  4  and  5  show  the  results  of  steps  1  through  3  which  compare  well  with 
the  theoretical  results  given  by 


y2(u>) 


k  +  iooc 

k  +  iwc-orm^ 


yx(u)) 


,and  P1(w)  =  m-jy-^w)  +  m2y2(w) 


(9) 
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wiiuu  a. 


Figure  6  present's  *lu»  ”-i>;on  ~>f  v,  cn)i<?  of  steps  4  end  5  with  theory.  The 

W  *»  4.C  cVJ.  A-  V-  44*  ^  j  *  -  j  q  4  J 


where 


for 


_ _ 

y  (t)  =1 _ _ cos  (A  -  w  t  +  Y-  )  , 

2  A  -  C2  n  ° 


4  =  c  /  (2/km2)  , 


0)  =  A/m„  ,  and 

n  L 


v0'  -  tar.  1  ( - jj- - )  , 


/l  -  C7’ 


yx(t)  =  o  ,  t  <  o 
=  l  ,  t  >  o 


(10) 


Figure  7  presents  the  frequency  response  function  of  Figure  1,  using  P.F8  with 
base  acceleration  ALTERS.  For  comparison,  a  damping  matrix  proportional  to  the 
structural  stiffness  matrix  was  used  in  both  solutions  (BDD  =  2.0  E-6  KDD) .  The 
response  does  not  rely  on  the  selection  of  any  fictitious  large  masses.  The  error  in 
the  stress  response  at  low  frequencies  is  also  eliminated. 


CONCLUDING  REMARKS 


1.  An  alternative  method  of  determining  base  accelerated  dynamic  response  in 
NASTRAN  has  been  presented  and  demonstrated,  avoiding  the  use  of  fictitious  large 
masses. 


2.  Although  this  paper  discusses  the  problem  and  its  solution  in  terms  of  absolute 
degrees  of  freedom,  a  number  of  variations  can  be  simply  achieved  to  suit  particular 
problems.  As  an  example,  the  introduction  of  the  degrees  of  freedom  relative  to  the 
base  degrees  of  freedom,  at  least  in  the  absence  of  extra  points,  can  be  easily 
accomplished  by  the  transformation 


with 


(set  e  null) 


> 


[D]  -  -Dfc]"1  [KJr]  . 

J 


(11) 


This  is  useful  in  addressing  shock  spectrum  response  problems,  and  can  lead  to 
symmetric  coefficient  matrices  and  uncoupled  (modal)  equations  of  motion. 


4.  The  method  can  form  the  basis  for  considering  displacement  and  velocity  base 
excitation  problems  in  NASTRAN. 
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APPENDIX 


$$ 

*$  ALTERS  TO  SOL  8  ( NASTRAN  APRIL  1982)  FOR  BASE  ACCELERATION* 

$* 

ALTER  87  $ 

RBMG1  USETyKAAy  /  KLL y KLRy KRR y t r  $ 

RBMG2  KLL  /  LLL  $ 

RBM03  LLL»KLR»KRR  /  I)M  $ 

ALTER  121 y 122  $ 

FRLG  CASEXX y  UBETD y DLT r  FRL y  GMD y  GOD y  BIT t /PPF y  PSF  y PDF  y FOL  t PHF/ 

#DIRECT#/FREQY/#FREQ*  $ 

EQUIV  PPF y PDF/NOSET  $ 

VEC  UBETB/VP/#P#/#COMP*/*R#  $ 

VEC  UBETD/VD/*D*/#COMP#/#R*  * 

PARTN  PPF  y  y VP/PPF 1 t PPF2 y  y /l  $ 

PARTN  PDF  y  y  VD/PDF 1 y PDF 2 y  y / 1  $ 

PARTN  HDD  y VD y /MDD11 y MBB21 y  MDB12 r HDD22  $ 

PARTN  BBD  y  VD y /BDD1 1 y  BBD21 y  BDB12  y  BDB22  $ 

PARTN  KDD r VD y /KDB 1 1 y KDD21 y  KBD 1 2  y  KBB22  $ 

MERGE  MDD1 1 yyy MDD22 y VD y /  HBD1  /- 1/0/1  $ 

MERGE  BBB1 1  y  y BBD12 y  y  OB y  /  BDD1  /--l/O/l  $ 

MERGE  KBD  1 1  y  y  KDD  1 2 y  y  VB y /  KDDI  /-.1./0/1  $ 

MPYAD  M D B 1 2  y  P P F 2  y  P D F 1 /  PDFF1  /0/-1  $ 

MPYAD  MDD22  y  PPF2 y  /  PDFF2  /O  $ 

MERGE  PDFF.1  yPDFF2y  y  y  yOD/  PDFF  /1/0/2  $ 

FRRD2  KDD 1 y BDD 1 y  HDD 1 y y  PDFF y  FOL/UD VF/O ♦ 0/0 ♦ 0/- 1  *  0  $ 

ADD  FREQ y/OMEGAI/<O.Oy A *283185)  $ 

ADD  FREQ  y /OMEGA 1 / ( 6 ♦ 283 1 85  y  0 ♦ 0  >  $ 

DIAGONAL  OMEGA1/OMEGA2/*SQUARE*/2*0  $ 

MERGE  MDD21y yMDD22yyODy  /  MDD2  /1/0/2  * 

MERGE  BDD21 y  y  BDD22  y  y  OD  y  /  BDD 2  /1/0/2  $ 

MERGE  KDD21 y  y  KDD22 y  y  OD  y  /  KDD 2  /1/0/2  $ 

SMPYAD  MDD2 y UDVF y  0MEGA2 y  y  y  /  TEMPI  /  3/-1  $ 

SMPYAD  BDD2  y  UDVF y  OMEGA I y  y  y  /  TEMP2  /  3  $ 

ADD  TEMPI yTEMP2  /  TEMP3  $ 

MPYAD  KDD2 y  UDVF y  TEMP3  /  PPF2/  0  $ 

MERGE  PPF  1  y PPF'2 y»y» OP  /  PPF  /  1/0/2  $ 

EQUIV  PPFyPNEF/MPCFl  $ 

COND  LBL18A y  MPCF1  $ 

OEC  IJSETB/OECNEM/*P*/*NE*/*M*  $ 

PARTN  PPFy yMECNEM/PBNEFyPMFy y  /  1  $ 

MPYAD  GMD  y  PMF y  PBNEF/  PNEF  /  1  $ 

LABEL  LBL18A  $ 

EQUIV  PNEF yPFEF/S INGLE  $ 

COND  LBLIBBy SINGLE  $ 

DEC  tJSETD/UECFES/*NE*/#FE#/#S*  $ 
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PARTN  PNEF  y y VECFES/PFEF y  PSF  y y  /  1  $ 

LABEL  LBL18B  $ 

EOUIV  PFEFy PDF/OMIT  $ 

CONB  LBLISCyOMIT  $ 

VEC  USETD/VECDO/*FE*/#D*/#Q*  * 

PARTN  PFEF  y  y  VECDO/PBDF y PDF  *  r  /  1  $ 

MPYAD  GODyPGFyPBDF/  PDF/  1  $ 

LABEL  LBL.18C  $ 

ALTER  123y.t23  $  USE  FOL  INSTEAD  OF  PPF 

VDh*  CASEXX y EODYN y USETD  y  UDVF y FOL y  X YCDB y /QUDVC1 y /*FREQRESP*/ 

*D1'RECT#/S  t  N  y  N0S0RT2/S  y  N  y  NOD/S  *  N  y  NOP/O  * 

ALTER  139* 139  $  USE  FOL  INSTEAD  OF  PPF 

SDR2  CASEXX  *  CSTM  *  MPT  *  DI T  *  EODYN  *  SILD  *  *  y  BGPDP *  FOL  *  QPC  *  UPVC *  EST *  X YCDB  * 

PPF/OPPC1 * OQPC1 * OUPVC 1  *  r OEFC1 * PUPVC1/*FREQRESP*/ 

S*N*N0S0RT2  $ 

VEC  USETD  /  VD2  /  *D*/#A*/#E#  $ 

VEC  USETD  /  VA2  /  *A#/*L#/*R*  Hi 

PARTN  UDVFyyVD2  /  UAVFyUEVFy  *  /  1  $ 

PARTN  UAVF *  *  VA2  /  IJLVFyURVFyy  /  1  $ 

MPYAD  DMyURVFyULVF  /  ULVFP  /  0  /  -1  $ 

UMERGE  USETD y ULVFP y  /  UAVFP  /  *A*/*L*/*R*  $ 

UMERGE  USETD y UA VFP y UEVF  /  UDVFP  /  #D*/*A*/#E*  $ 

EQUIV  UDVFP *  UPVCP/NOA  $ 

COND  LBL19A*N0A  $ 

SDR1  USETD  *  *  UDVFP  y  y  *  GOD  *  GMD  *  *  *  *  /  UPVCPyy  /  1/*DYNAMICS*  $ 

LABEL  LBL19A  * 

SDR2  CASEXX  *  CSTM  y  MPT  *  DIT  *  EODYN  *  SILD y y  y BGPDP y FOL y  yUPVCPyEST  y 

XYCDBy/yyyOESClyy  /#FREGRESP*/S y N y N0S0RT2  $ 

ENDALTER 
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i* 

$*  ALTERS  TO  SOL  9  (NASTRAN  APRIL  1982)  FOR  BASE  ACCELERATION ♦ 

** 

ALTER  87  $ 

RBMG1  USETxKAAx  /  KLLxKLRxKRRx  x  y  'is 
RBMG2  KLL  /  LLL  $ 

RBHG3  LLLxKLRxKRR  /  DM  $ 

ALTER  125  x  125  $ 

VEC  USETD/ VD/#D#/#COMP#/#R#  $ 

PARTN  PB  y  x  VD/PD.L x PD 2  x  x  /l  $ 

PARTN  MDD x VD x /MODI 1 x MDD21 x  HDD 12 x MDD22  $ 

PARTN  BDD x VD  x  /BDIU 1  x  BDD21  x  BDD12  x  BDD22  $ 

PARTN  KDD x VD x /KDDI 1 x KDD21 x KDDI 2 x KDD22  $ 

MERGE  MDDllx »xMDD22xVDx/  MDD1  /-l/O/l  $ 

MERGE  BDD1 1 x x BDD12  x y  VD  x  /  RDD1  /-l/O/l  * 

MERGE  KDD 11 x  xKDD12x  x  VDx/  KDDI  /-l/O/l  $ 

MPYAD  MDD 1 2 x  PD2  x  PD 1 /  PDD1  /0/-1  $ 

MPYAD  MDD22xPD2x  /  PDD2  /O  $ 

MERGE  PDD1 xPDD2x x  x  x  VD/  PDD  /1/0/2  * 

TRD  CASEXX x  TRL x NLFT x  DIT x  KDDI x BDD1 x  MDD1 x  PDD/ 

UBVTxPNLD  /  #DIRECT#/NOUE/l/Sx Nx NCOL/Cx Y x I START  * 

ALTER  139x139  $ 

CASEXX x  CSTM x MPT x DI T x  EQDYN x SILD x  x  x  BGPDP x  TQL x  QP x UPV  x  EST x 
XYCDB x  PPT/OPP1 x  OQP1 x  OUPV1 x  x  OEF1 x PUGV/#TRANRESP#  % 

USETD  /  VD2  /  #D*/#A*/*E*  $ 

USETD  /  VA2  /  *A*/*L*/*R*  $ 

UDVT x  x  VD2  /  UAVTxUEVTxx  /  1  $ 

UAVT  x  x  VA2  /  ULVT  xIJRVT  x  x  /  1  $ 

DMxURVT  xULVT  /  ULVTP  /  0  /  -1  * 

USETD x ULVTP x  /  UAVTP  /  *A#/*L*/*R*  * 

USETD x  UAVTP x  UEVT  /  UDVTP  /  #D#/#A*/#E*  $ 

UDVTPx  UPVTP/NOA  $ 

LBL19AxN0A  $ 

USETD x  y UDVTPx x  xGODxGMDx  x  x  x  /  UPVTPxx  /  1/*DYNAM1CS*  $ 
LBL19A  $ 

CASEXX  x  CSTM  x  MPT x  DI T  x  EQDYN x  SILD x  x  x BGPDP x  TOL  x  x  UPVTP  x  EST x 
XYCDBx/x  x  xOESl  x  x  /JKTRANRESP#  * 

ENDALTER 


SDR2 

VEC 

VEC 

PARTN 

PARTN 

MPYAD 

UMERGE 

UMERGE 

EQUIV 

COND 

SDR1 

LABEL 

SDR2 
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** 

♦*  ALTERS  TO  SOL  11  (NASTRAN  APRIL  1982)  FOR  BASE  ACCELERATION* 

$$ 

ALTER  93  * 

PARAH  //*ADD#/KDEK2/N0GENL/N0SIMP  $ 

ALTER  9$y96  * 

PARAM  //#ADD#/NOBGG/~l/0  $ 

PARAM  //*ADD*/N0K4GG/-l/0  * 

GKAD  USETD y GM y GO yKAAy  y MAA 1 1 K2PP y M2PP y B2PP/ 

KDD  y  BDD  y  HDD  y  GMD  y  GOD  y  K2DD  y  M2DD  y  B2DD/#FRE«RESP*/#DISP*/ 

#D I RECT#/0  *0/0 *0/0*  0/N0K2PP/N0M2PP/N0B2PP/MPCF1 /SINGLE/ 
0MIT/N0UE/N0K4GG/N0BGG/KDEK2/Uy YyMODACC=-l  $ 

EQUIV  B2DD y  BDD/N0BGG/M2DD t MDD/NOSI MP/K2DD y KDD/KDEK2  $ 

FRLG  CASEXX y  USETD  y  DLT y  FRL y  GHD y  GOD y DI T  r /PPF  y  PSF  y  PDF  y  FOL y  PHF/ 

*DIRECT*/FREQY/*FREG#  $ 

EQUIV  PPF y PDF/NOSET  $ 

VEC  USETD/VP/#P#/*COMP*/#R*  * 

UEC  USETD/VD/#D*/*COMP*/*R*  $ 

PARTN  PPFy  y VP/PPF1 yPPF2y  y/1  * 

PARTN  PDF y  y  VD/PDF1 y PDF2 yy/1  $ 

PARTN  MDDyUDy/MDDll yHDD21 »MDD12yMDD22  $ 

PARTN  BDD  y  UD  y /BDD1 1  * 8DD2 1 1 BDD 1 2 y  BDD22  $ 

PARTN  KDD y VD  y /KDDI 1 y  KDD21 y KDDI 2 y KDD22  * 

MERGE  MDD1 1 y  y  y MDD22 y  UD y /  MDD1  /-l/O/l  $ 

MERGE  BDD1 1  y  y  BDD.12 y  y  VD y  /  BDD1  /--l/O/l  $ 

MERGE  KDD  1 1  y  y  KDD  1 2  y  y  VD  y /  KDDI  /--l/O/l  $ 

MPYAD  MDD12yPPF2yPDFl/  PDFF1  /0/-1  $ 

MPYAD  MDD22yPPF2y  /  PDFF2  /O  $ 

MERGE  PDFF1 y  PDFF2  y  yyy VD/  PDFF  /1/0/2  $ 

GKAM  USETD y  PHI A y MI y  LAMA y DITy  y  y  y CASEXX/ 

MXHH y  BXHH y  KXHH  y  PHIDH/NOUE/C y  Y  y  LM0DES=0/ 

C  y  Y  y  LFRE0“0 . 0/C  y  Y  y  HFREQ--1  *  0/--1/-1/--.1./ 


S  y  N  y  NONCUP/S  y  N  y  FMODE  $ 

MPYAD  PHIDH » PDFF  y /PHF/1/1/0/0  * 

SMPYAD  PHIDH yMDDl y PHIDH y  y  y /MHH/3/1/1/0/1  $ 
SMPYAD  PHIDHyKDDl-PHIDHy y y/KHH/3/1/1/0/1  $ 
PURGE  B2HH/N0B2PP  $ 

COND  LBL 1 3A  y  N0B2PP  1> 

SMPYAD  PHIDHyBDDl  yPHIDHy  y  y /B2HH/3/1/1/0/.1.  $ 

LABEL  LBL13A  $ 

EQIJIU  MAAyMIDD/NOUE  $ 

COND  LBL13ByN0IJE  $ 

UEC  USETD/UD.1./*D#/*A*/*E*  $ 

MERGE  MAAyyyyVDly/  M1DD  /-l/O/l  * 

LABEL  LBL13B  $ 

PARTN  MIDDy VDy/MIDDll t yMlDD12y  % 


MERG’£  MlDDll  y  y  Ml  Dili  2  y  y  VDy/  M1DD2  /-l/O/l  $ 
SMPYAD  PHIDH ?M1DD2 ? PHIDH y y  y /M1HH2/3/1/1/0/1 
DIAGONAL  MXHH/MINV/*SGUARE*/-1,0  $ 
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SMPYAB  MIN0yBXHMrMiHH2y  t  ,  /  TEMPI  /  3  $ 

ABB  TEMPI rBSHK  /  BHH  $ 

PARAM  //*A»D*/N0NCUP/l/0  $ 

ALTER  99 r 100  $ 

FRRI.12  KHH  r  BHH  ,  MHH  r ,  PHF  ,  F0L/UHVF/0  ♦  0/0  ♦  0/-1  ♦  0  $ 

BDR1  UHVFrPHIDH/UDVF  $ 

ABB  FREQ *  /OMEGA I /  ( 0  ♦  0  r  6  ♦  283.185 )  * 

ABB  FREQ  r /GMEGA1 / <  6 ♦ 283185  r  0  ♦  0 )  $ 

DIAGONAL  0MEGAi/0MEGA2V*SQUARE*/2.0  $ 

MERGE  MDD21 ,  ,  MBB22  *  r  VB  *  /  MBB2  /1/0/2  $ 

MERGE  BDB21 , , BBB22 r  r  VDr  /  BBB2  /1/0/2  * 

MERGE  KDD21 , , KBB22  *  *  VD  *  /  KBD2  / 1/0/2  t 

SMPYAB  MBB2 r UDVF * 0MEGA2  , , t  /  TEMP2  /  3/-1  $ 

SMPYAB  BBD2  y UDVF r OMEGAI , , ,  /  TEMP 3  /  3  $ 

ABB  TEMP2*TEMP3  /  TEMP4  $ 

MPYAB  KBD2  ,  UDVF , TEMP4  /  PPF2  /  0  $ 

MERGE  PPF1 y  PPF2  r ,  , r  VP  /  PPF  /  1/0/2  $ 

EQUIV  F'PFrPNEF/MPCFl  $ 

CGNB  LBLlSAyMPCFl  $ 

VEC  USETD/VECNEM/*P*/*NE#/*M*  $ 

PARTN  PPF ,  , VECNEM/PBNEF , PMF  y  ,  /l  * 

MPYAB  GMB  , PMF  , PBNEF/  PNEF  /  1  * 

LABEL  LBL15A  * 

EQUIV  PNEF  ,  PFEF/SINGLE  $ 

COND  LBL1 SB y SINGLE  $ 

VEC  USETD/VECFES/*NE#/#FE#/*S#  $ 

PARTN  PNEF* y VECFES/PFEFyPSFy ,  /  1  % 

LABEL  LBL15B  $ 

EQUIV  PFEF'y  PDF/OMIT  $ 

CGNB  LBL15CrOM.IT  $ 

VEC  USETD/VECD0/*FE#/*D*/#0#  $ 

PARTN  PFEFr y VECDO/PBDFrPOFy r  /  1  % 

MPYAB  GOBrPOFrPBDF/  PDF/  1  $ 

LABEL  LBL1SC  $ 

ALTER  101 r 101  $  USE  FOL  INSTEAD  OF  PPF 

VDR  CASE  XX  r  EQDYN  r  USETB  r  UHVF  r  FOL  rXYCDB  r  /0UHVC1  r  /KFREQRESP#/ 

*MODAL.*/S  r  N  r N0S0RT2/S  r  N  r  NOH/S  r  N  r  NOP/FMODE  * 

ALTER  1 1 6 ,116  $  USE  FOL  INSTEAD  OF  PPF 

DBR2  USETB  r  UD VI F r PDF r  K2DD r  B2DD y  MDD  r  FOL  r  LLL  r DM/ 


UDV2F r  UEVF r  PAF/*FREQRESP*/NOUE/REACT/FRQSET  $ 

ALTER  122 r 122  $  USE  FOL  INSTEAD  OF  PPF 

SDR2  CASEXX r CSTM r MPT  r  DIT  r EQDYN y  SILD y * , BGPDP r FOL y  QPC y UPVC y  ES  f r 

XYCDB  r  PPF/0PPC1  r  OQPC.l  r  0UPVC1  r  0ESC1  r  0EFC1  r  PUGV/#FREQ#/ 
SrNyN0S0RT2  $ 

ALTER  128*128  $ 


SDR2 


CASEXX  y  CSTM  r  MPT  r  DI T  r  EQDYN  r  SILD* r  r *  LAMA  r  QPH  * PHIPH y EST y  XYCDB  * / 


y I QP 1 y  £  PH I PI,, I EF1 y/*MMRE IG*/S * N  * N0S0RT2  $ 
ALTER  129-129  %  USE  FOL  INSTEAD  OF  PPF 
SDR2  CASEXX , , , y EQDYN* SILD* y  *  *FOL*  * > * XYCDB* PPF/ 
OPPCA r  r  y  r  r /*FREQ*  $ 


VEC  tJSETD  /  VD2  /  *D*/*A*/*E*  $ 
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VEC  USETO  /  VA2  /  *A*/*L*/#R*  $ 

PARTN  PHIDH  v  t  VI) 2  /  PHAVF  t  PHEVF  *  ?  /  1  « 

PARTN  PHAVF»»VA2  /  PHL.VF»PHRVF> t  /  1  $ 

MPY.AD  DM  f  PHRVF  y  PHLVF  /  PHLVFP  /  0  /  ~1  « 

UMEROE  USETD r PHLVFP r  /  PHAVFP  /  #A#/#L*/#R*  $ 

UHERGE  USETD t PHAVFP » PHEUF  /  PHDVFP  /  #D#/#A#/#E#  $ 

SDR1  USETD t t PHDVFP t r rGQD»GMD» t f t  /  PHIPHPrr  /  1/#DYNAMICS#  $ 
SDR 2  CASEXX y  CSTM t MPT  r BIT > EGDYNrSILDr » t y LAMA  v t PHIPHP y  EST  r 

XYCDB; / y  y t IES1 r i  /#MMREIG*/SyNyN0S0RT2  * 

ALTER  134 » 134  *  USE  FOL  INSTEAD  OF  PPF 

DDRMM  CASEXX  r UHVF t FOL y  TPHIP2 1 IGP2 1 IES2 y IEF2 r XYCDB  y ES  T y  MPT , HI T/ 

ZUPVC2 y ZQPC2 y ZESC2 y  ZEFC2  y  $ 

ALTER  138 >138  $  USE  FOL  INSTEAD  OF  PPF 

0  0  R  MM  CASEXX y  UHVF  vF  0  L  y  I P  H I  Pi  y  I Q  PITIES  .1. y I EF1 y 1  EST  y  M  P  T  t  D I T  / 

ZUPVC1 r ZQPC1 v ZESC1 t ZEFC1 r  $ 

ENDALTER 
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$$ 

$$  ALTERS  TO  SOL  12  (NASTRAN  APRIL.  1982)  FOR  BASE  ACCELERATION* 

$* 

ALTER  88  $ 

PARAM  //*ADD*/KDEK'A/N0UE/NDK2PP  $ 

PAR  AM  //*ADD#/KDEK2/N06ENL/N0SIMP  $ 

EQUIO  KAA y  KDD/KDEKA  $ 

ALTER  90  y  91  $ 

PARAM  //*ADD#/N0BGG/-l/0  $ 

PARAM  //JjcADD#/NQK46G/-l/0  $ 

GKAD  USETD y  GM y GO  y  KAA  t yMAAy  t K2PP y  M2PP y B2PP/ 

KD'D  y  BDD  y  HOD  y  GMD  y  GOD  y  K20D  y  M2DD  y  B?DD/#TRANRESP#/*D  I 8P*/ 


EQUXV 


*DIRECT#/C y  Y y  6=0 ♦ 0/C  y  Y  y  W3=C . 0/0 ♦ 0/N0K2PP/N0M2PP/N0B2PP/ 
MPCF1/SINGLE/0MIT/N01JE/N0K4G6/N0BGG/KDEK2/Uy  Yy  M0DACC=-1  $ 
B2DD y  BDD/N0GPDT/M2DD  y  MBD/N0SIMP/K2D»y  KDD/KDEK2  $ 


OK AH  USETD y PHI A y MI y LAMA y BIT y  y y  yCASECC/ 

HXHH y  BXHH y  KXHHy  PHIDH/NOUE/C y Y  y LM0DES=0/ 
C  y  Y  y  LFREQ«0 ♦ 0/C  y  Y  y  HFREQ=-i ♦ 0/-1/-1/-1/ 


SyNy NONCUP/S yNyFMODE  $ 

VEC  USETD/VD/*D*/#COMP*/*R*  * 

EQUIU  MAAyMIDD/NOUE  $ 

COND  LBL12yN0UE  $ 

DEC  USETD/VD1/*B*/#A*/*E*  * 

MERGE  MAAy y y yVDly/  Ml DO  /-l/O/l  * 

LABEL  LBL12  $ 

PARTN  Ml DD  y  OD  y /M 1 DD 1 1 y  y  M 1DD1 2  y  $ 

MERGE  MiDDllyyMiDD12»»VD»/  M1DD2  /-l/O/l  * 

SMPYAD  P H I D H  y  M 1 D D 2  y  P H I D H y y  y /M1HH2/3/1/1/0/1  * 

DIAGONAL  MXHH/MINU/*SGUARE*/-1.0  $ 

SMPYAD  MIND y BXHH yMl.HH2y  y  y/BlHH/3  $ 

ALTER  99  y  99  $ 

TRLG  CASEXX y  USETD  y  DLT y  SLT  y BGPDT y  SIL  y  CSTM y  TRL y  BIT  y  GMD  y  GOD  y y EOT y 


MGG/PPT  y  PST y  PDT  y  PD  y  y  TOI.  /  S  y  N  y  NOSET/NCOL  * 


ALTER  101 y 101  « 

PARTN  PD  y  y  VD/PD 1 1 F 02 y  t /I  % 

PARTN  MDDyODy/MDDll yMDD21 yMDD12yMDD22  $ 

PARTN  BDD  y  VD  y /BDD 1 1 y  BDD2 1 y  BDD 1 2  y  BDD22  $ 

PARTN  KDD y  UD y /KDDI 1 y KDD21 y KDDI 2 y KDD22  $ 

MERGE  MDD 1 1 y  y  y  MDD22 y  OD  y /  MDD1  /-l/O/l  $ 

MERGE  BDD1 1 y  t BDD12 y  y OD y /  BDD1  /-l/O/l  $ 

MERGE  KDD 1 1 y  y KDD 1 2 y  y  VD y /  KDDI  /-l/O/l  $ 

MPYAD  MDD12yPD2yPDl/  PDD1  /0/-.1  $ 

MPYAD  MDD22yPD2y  /  PDD2  /O  * 

MERGE  PDDlyPDD2yyyyVD/  PDD  /1/0/2  $ 

MPYAD  PHIDHy PDDy /PH/1/1/0/0  $ 

SMPYAD  PHIDHyMDDl y PHIDHy y  y/MHH/3/1/1/0/1  $ 

SMPYAD  PHIDHy KDDI yPHIDHy y  y/KHH/3/1/1/0/1  $ 

EOIJIV  B1HH  y  BHH/N0B2PP  $ 

COND  LBL13AyN0B2PP  * 

SMPYAD  PHIDHyBDDl yPHIDHy yyBlHH/BHH/3/1/1/0/1  $ 
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LABEL  LBL13A  $ 

PARAM  //*ADD#/N0NCUP/i/0  $ 

TRD  CASEXX  y  TRL  v  NLFT  y  DIT  y  KHHy  BHH  y  MHH  y  PH/t'HVT  y  PNLH/ 

#MODAL*/NOUE/NONCUP/S  y  N  y  NCOL/C y  Y ,  IS’I  ART  ♦ 

ALTER  128 y 128  $ 

8DR2-  CASEXX yCSTMy MPT yDITyEGPYNySILDr y y  yLAMA»QPH»PHIPH»ESTr 

XYCDB y / y I«P1 y IPHIP1 y y IEF1 y /*MMREIG#  $ 

ALTER  129  $ 

VEC  U8ETD  /  VI) 2  /  #D*/*A*/*r  *  $ 

VEC  USETI)  /  VA2  /  *A#/*L*/*R#  $ 

RARTN  PHIDHy  >•  VI) 2  /  PHAVTyPHEVT  y  y  /  .1.  * 


PARTN  PHAVT  y  y VA2  /  PHLVTyPHRVTy »  /  1  * 

MPYAD  DM  y  PHRVT y  PHLVT  /  PHLVTP  /  0  /  -1  i 

UMERGE  USETI) y  PHLVTP y  /  PHAVTP  /  #A*/*L*/*R#  * 

U MERGE  USETDy PHAVTP yPHEVT  /  PHDVTP  /  #D#/#A#/#E#  * 

-SDR1  U8ETD»  »PHDVTPyyy80D»GMDyyyy  /  PHIPHPyy  /  1/*DYNAMICB#  * 
SDR 2  CASEXX  y  C8TM y  MPT y  DIT y  EQDYN y Si'Ll) y  y  y  y  L A M A y  y  P H I P H P y  E S T y 

XYCDBy/y  y  yIESI  y  r  /#MMREIG#/S y N y N0S0RT2  $ 


ENDALTER 


♦/  CHANGE  NAME=FRD2B 

./  NUMBER  SEQ.l=7()yNEWI=71 y INCR=1  y  INSERT=YES 
C 

C  COMMON  FRD2BC  IS  INITIALIZED  BY  ROUTINE  FRRD2* 

C 

COMMON  /FRD2BC/  IH 

♦  /  NUMBER  SEGl=41()yNEWl=411  y INCR=1 v INSERT-YES 
C 

C  IF  IH=0 y  USE  COMPLEX  DOUBLE  PRECISION  ARITHMETIC* 


IF  (IH  * EO *  0)  ITY  =  4 
NUMB t R  S E Q 1 = 5 00 y NEW 1 =51(>yINCR=lyINSERT=Y E S 
CALL  MAKMCB ( MC y OUT y IROW r IFO y ITY ) 

DELETE  SEQ 1 "5 1 0 ySEQ2=51 0 
CHANGE  NAME-FRD2C 

NUMBER  SEQl=1.20yNEWl=121  r  INCR=1  y  INSERT=YES 

COMMON  FRD2BC  IS  INITIALIZED  BY  ROUTINE  FRRD2 ♦ 

COMMON  /FRD2BC/  IH 

NUMBER  SEQl=240y NEW1*241 y INCR=1 y INSERT=YES 

IF  IH=0 y  USE  COMPLEX  DOUBLE  PRECISION  ARITHMETIC* 

IF  (IH  * E 0 *  0)  .TOUT  =  4 
NUMBER  SEQ:L=370 y  NEW1=371  y  INCR=1  y  INSERT=YES 

IF  I H = 0 y  THEN  DO  NOT  USE  INCORE  CAPABILITIES  BECAUSE  FOR  IH=0 
COMPLEX  DOUBLE  PRECISION  ARITHMETIC  WILL  BE  REQUESTED 
AND  SUBROUTINE  INCORE  CALLED  BY  FRD2C  IS  WRITTEN  ONLY 
FOR  COMPLEX  SINGLE  PRECISION  MATRICES. 

IF  (IH  .EG*  0)  GO  TO  102 
NUMBER  SEQ  1  =  1 070  y  NELW1  =  1071  y  INCR=1  y  INSERT® YES 

IF  IH=0 y  USE  COMPLEX  DOUBLE  PRECISION  ARITHMETIC* 

IF  (IH  *EG*  0>  TOUT  =  4 
CHANGE  NAME=FRRD2 

NUMBER  SEQl=270yNEWl=271 t INCR=1 y INSERT=YES 

COMMON  FRD2BC  WILL  BE  USED  BY  ROUTINES  FRD2B  AND  FRD2C* 

COMMON  /FRD2BC/  IH 

NUMBER  SEQ]  =44()yNEWl=441  y  INCR=1  y  INSERT=YES 


IF  QHHL  IS  PURGED  AND  MACH  NUMBER  IS  NEGATIVE  THEN 
SOLVE  THE  COUPLED  EQUATION  =  <~W**2.M  +  IW.B  +  K)l.J  =  P 
USING  COMPLEX  DOUBLE  PRECISION  ARITHMETIC* 

VARIABLE  IH  WILL  BE  USED  TO  CONTROL  SOLUTION  LOGIC  IN 
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ROUTINES  FRRD2»  FRD2B  AND  FRD2C. 

IF  'Cr<  1 ) *LE*0  *AND*  M«LT«0«0>  NDNCUP  =  1 

NUMBER  SEQl=72()yNEWl=721 y INCR=1 r INSERT=YES 

IF  IH=()y  THEN  DO  NOT  USE  INCORE  CAPABILITIES  BECAUSE  FOR  IH=0 
COMPLEX  DOUBLE  PRECISION  ARITHMETIC  WILL  BE  REQUESTED 
AND  SUBROUTINE  INCORE  CALLED  BY  FRD2C  IS  WRITTEN  ONLY 
FOR  COMPLEX  SINGLE  PRECISION  MATRICES* 

IF  <IH  ♦ E Q .  0)  GO  TO  20 
NUMBER  SEQ:L“12:L0i»NEWl=12il y INCR=1 » INSERT=YES 

IF  IH  =  Or  THEN  CREATE  NULL  TRAILERS  FOR  SCR2(QHR)  AND  SCR3(QHI>* 
THESE  DATA  BLOCK'S  ARE  NORMALLY  GENERATED  BY  FRD2A  IF 
IH  IS  NOT  EQUAL  TO  ZERO  EACH  TIME  THRU  THE  LOOP  ON 
NFREQ  IN  THIS  ROUTINE*  SINCE  FRD2A  IS  NOT  EXECUTED  IF 
IH  EQUALS  ZERO  THEN  AFTER  THE  FIRST  PASS  THE  TRAILERS 
FOR  SCR2  AND  SCR3  WOULD  BE  INCORRECT  SINCE  SCR2  AMD 
SCR3  ARE  ALSO  USED  BY  FRD2C  AS  SCRATCH  DATA  SETS* 

IF  < IH  *NE*  0)  GO  TO  38 
CALL  MAKMCB <  MCB y SCR2 y 0 r 0 y 0 ) 

CALL  WRTTRL(MCB) 

MCB  CL)  -  SCR3 
CALL  WRTTRL ( MCB ) 

38  CONTINUE 

NUMBER  SEQ:L~.1.480yNEWl=I.481  r  INCR55!  r  INSERT=YES 

CREATE  A  PSEUDO  FRL  DATA  BLOCK  ON  SCR1  FROM  DATA  BLOCK  FOL  FOR 
INPUT  TO  ROUTINE  FRD2F ♦  (NO  TRAILER  IS  NECESSARY)* 

THE  FREQUENCIES  FROM  FOL  HAVE  BEEN  READ  INTO  IZ(1)  DURING  THE 
SET-UP  AT  THE  BEGINING  OF  THIS  ROUTINE*  THESE  FREQUENCIES  MUST 
BE  CONVERTED  TO  RADIAN  FREQUENCIES  FOR  FRL  (W  --  2PI*F>  * 


CALL  0OPEN<8CRl»IZ<IBUFl)rl) 


DO  2.1.0  I  ==  1.y  NFREQ 
Z(I)  =  Z(I>  *  TWOPI 
21.0  CONTINUE 

CALL  WR I TE ( SCR 1 y  Z  y NFREQ  y 1 ) 

CALL  CLOSE  ( SCR1.  y  1 ) 

CALL  FRD2F  ( MHH  y  BHHy  KHHy  SCRly  1  r  Nl-OADy  NFREQ  r  PHFy  I.JHVF ) 
♦  /  DELETE  SEQ1.~1.490 y SEQ2=.l490 
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Young's  Modulus  =  1E8  FL 

Poisson's  Ratio  =  0.4 

-4  2 

Material  Density  =  8E-4  FL  T 


Base  Acceleration  Input  for  Figures  1  and  7 


Figure  2.  Example  1 


Figure  5.  Load  Required  on  Mass  nu  of  Example  2  (Figure  3),  Frequency  Response 


Theory 

RFs  9  and  12  with  Base  Acceleration  ALTERS 


A  NASTRAN  DMAP  PROCEDURE  FOR  CALCULATION  OF  BASE 
EXCITATION  MODAL  PARTICIPATION  FACTORS 

by 

William  R.  Case 
Instrument  Systems  Branch 
Instrument  Division 
Goddard  Space  Flight  Center 
Greenbelt,  Maryland 


SUMMARY 


A  common  analysis  procedure  at  the  Goddard  Space  Flight  Center  is  to  analyze  a 
structure  to  predict  responses  that  will  occur  during  a  sinusoidal  or  random 
vibration  test  in  which  a  predetermined  motion  is  input  by  the  shaker  at  the 
shaker /structure  interface.  Often  the  loads  produced  in  these  tests  are  a 
controlling  factor  in  the  design  of  the  structure.  The  response  analyses  are 
generally  performed  in  two  stages:  a  modal  analysis  to  determine  the  undamped 
eigenvalues  and  eigenvectors  of  the  structure  "cantilevered"  at  the  interface 
where  the  structure  will  attach  to  the  shaker,  followed  by  a  subsequent  steady 
state  frequency  response  analysis  using  the  modal  information.  The  output  of  the 
modal  analysis,  while  giving  information  that  is  useful  in  comparing  with  the 
eigenvalues  and  eigenvectors  obtained  in  the  test,  does  not  give  a  sufficiently 
clear  indication  of  which  eigenvectors  will  be  important  contributors  in  the 
subsequent  frequency  response  analysis.  The  reason  £or  this  is  that  the 
vibration  test  loading  is  really  a  distributed  inertial  loading  on  the  whole 
structure  known  in  terms  of  the  input  acceleration  as  opposed  to  some  known  force 
at  a  given  location  in  other  forced  response  analyses. 

By  using  the  eigenvector  data  obtained  in  the  normal  mode  analyses,  a  modal 
participation  factor  can  be  calculated  which  gives  a  clear  indication  of  the 
relative  importance  of  each  calculated  mode  in  terms  of  its  response  to  any  base 
acceleration  input.  This  factor,  like  the  generalized  mass  or  generalized  stiff¬ 
ness  already  calculated  in  NASTRAN,  is  a  property  of  the  structure.  In  addition, 
however,  it  is  also  a  property  of  the  base  excitation. 

This  paper  presents  a  technique  for  calculating  the  modal  participation  factors 
for  base  excitation  problems  using  a  DMAP  alter  to  the  NASTRAN  real  eigenvalue 
analysis  Rigid  Format.  The  DMAP  program  automates  the  generation  of  the 
"seismic"  mass  to  add  to  the  degrees  of  freedom  representing  the  shaker  input 
directions  and  calculates  the  modal  participation  factors.  These  are  shown  in 
the  paper  to  be  a  good  measure  of  the  maximum  acceleration  expected  at  any  point 
on  the  structure  when  the  subsequent  frequency  response  analysis  is  run. 
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INTRODUCTION 


Structures  that  are  analyzed  to  predict  what  their  responses  will  be  in  a 
vibration  test  quite  often  have  one  feature  in  common;  namely  that  they  are 
rigidly  attached  to  a  vibration  shaker  at  a  number  of  interface  degrees  of 
freedom.  Such  situation,  therefore,  can  be  analyzed  by  multi-point  constraining 
all  of  the  interface  degrees  of  freedom  to  any  convenient  single  interface  grid 
point  with  specification  of  the  shaker  motion  at  this  grid  point.  The  shaker 
motion,  or  base  excitation,  as  it  were,  is  then  specified  for  a  nonredundant  set 
of  degrees  of  freedom  (DOF)  that  can  easily  be  identified  on  a  NASTRAN  SUPORT 
bulk  data  card.  In  the  following  derivation  of  the  base  excitation  modal 
participation  factors,  it  is  assumed  that  the  structure  to  be  analyzed  is  to  have 
a  base  motion  at  a  nonredundant  set  of  DOF  and  that  the  interface  DOF  have  been 
constrained  to  this  set  of  nonredundant  DOF.  In  addition,  the  derivation  is 
restricted  to  systems  with  real  eigenvectors. 


DERIVATION  OF  MODAL  PARTICIPATION  FACTORS 


To  derive  an  equation  for  the  modal  participation  factors  due  to  base  excitation 
consider  a  general  structural  model,  as  shown  in  Figure  1.  Presumably  this 
structure  would  be  rigidly  connected  to  the  shaker  at  several  points,  denoted  in 
this  example  as  1  through  4.  This  situation  can  be  simulated  by  creating  some 
central  point,  r,  and  connecting  1  through  4  to  r  via  rigid  elements.  Then  r  is 
a  set  of  nonredundant  DOF  at  which  the  shaker  motion  can  be  specified.  The 
equations  of  motion  of  this  structure,  using  the  displacement  set  notation  of 
NASTRAN,  and  ignoring  damping  for  the  moment,  are  * 


H 


+  Kr,V  P 


i 


Where P.  contains  the  loads  necessary  to  drive  the  r 
motions' imparted  by  the  shaker. 


(1) 


DOF  by  the  specified  base 


Following  elimination  of  multi-point  constraints  (via  MPC  or  rigid  element  cards) , 
single  point  constraints  (SPC’s)  and  DOF  omitted  via  Guyan  reduction  (OMIT's),  U 
in  equation  (1)  is  reduced  to  u  and  the  equations  are  } 


where 


rt  U  + 


K  u 


(2) 


(3) 


*Bold  face  letters  will  be  used  to  designate  matrices,  including  row  and  column 
vectors . 
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The  lAfDOF  are  identified  on  SUPORT  bulk  data  cards  and  UL  are  all  remaining 
DOF  in  Partitioning  equation  (2): 


.W'L  rtjlu. 


*»  ■<!  .  ,•] 
.K  hiv  l«*,.i  [pj 


where  Pr  are  the  forces  exerted  by  the  shaker  on  the  structure  and  result  in  the 
base  motions  (Ay.  ,  The  forces  are  not  known,  a  priori;  rather  the  motions 
(accelerations,  velocities  or  displacements)  at  the  b  DOF  are  known.  In  this 
context  the  forces  in  P^.  are  really  forces  of  constraint  which  are  necessary  to 
produce  the  desired  base  motion.  Notice  in  equation  (4)  that  there  are  no  applied 
loads  for  the  DOF.  The  situation  being  simulated  here  is  one  in  which  the 
only  excitation  comes  about  due  to  the  shaker  driving  the  structure  at  the  V*  DOF. 

The  DOF  can  be  considered  to  be  made  up  to  two  terms; 


Ue  ur 


where 


=  displacements  of  the  \  DOF  when  the  V'  DOF  are  fixed 

UJ  =  rigid  body  displacements  of  the  i.  DOF  due  to  the  In  DOF 

Thus  .K  would  be  the  displacement  DOF  for  a  structure  that  was  "cantilevered"  or 
fixed  at  the  DOF.  The  displacements,  at  the  y  DOF  due  to  the  l'  DOF  not 

being  fixed  can  be  determined  simply  from  geometric  considerations  and  is 

-  (6) 

where  matrix  is  data  block  DM  generated  by  module  RBMG3  in  NASTRAN  whenever 

SUPORT  bulk  data  cards  defining  the  existence  of  p  DOF  is  present.  The  columns  of 
are  rigid  body  displacements  at  the  x.  DOF  due  to  a  unit  motion  at  one  of  the  \ 
DOF.  They  are  rigid  body  displacements  due  to  the  fact  that  the  V'  DOF  are  a 
nonredundant  set.  Substituting  (5)  and  (6)  into  (4)  the  two  matrix  equations  for 
\  the  unknowns  and  p^  (since  ^^is  known)  are 


M  up 

'u  “V 


k  u: 

u 


(MUD.U."  Hjii, 


p, '  K(>;  +  KD,V  >  Hjft, 


where  use  of  the  fact  that 


and  thus 


K„=  <  K 
k  -  -  k; 


Ku  D* , 


has  been  made.  This  is  discussed  in  the  NASTRAN  Theoretical  Manual,  Reference  1. 
Equation  (7)  is  the  well  known  form  for  base  acceleration  input  where  the  problem 
is  solved  for  the  motions  Vi  as  if  the  base  were  fixed  but  with  an  equivalent 
inertia  loading  on  each  of  the  DOF  that  is  the  rigid  body  inertia  force  due  to 
the  base  moving.  Equation  (8)  merely  solves  for  the  forces  required  to  drive  the 
base  at  the  specified  motion.  A  better  form  for  results  if  equations  (9)  and 
(7)  are  used  to  eliminate  the  stiffness  term  in  (8).  The  result  is 


where 


H  ■  D  M  D.  v  D  M  +  M  0  +  M  (id 

r,vv  >"ui  h  JIV-  Jtr  iv  IV-  *** 

is  the  rigid  body  mass  matrix  of  the  structure  relative  to  the  SUPORT  DOF  and  is 
data  block  MR  generated  by  NASTRAN  in  module  RBMG4  when  SUPORT  bulk  data  cards  ai * 
used.  Equation  (7)  can  be  diagonalized  with  a  modal  transfoi  ion  using  the 
"cantilevered"  modes  of  the  structure  (that  is,  the  modes  of  tne  structure  when 
constrained  at  the  r  DOF) .  Define 
j  i  ,  a 

(p  =  j  -  eigenvector  of  structure  when  constrained  at  \r  DOF. 

■j*  =  .  I  =  matrix  whose  columns  are  eigenvectors^ 

Then  the  modal  transformation  is 


tv.  l*;  *; 


h  ! 

-X  J  1  .  J 


n 

2.  i  i 
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where  )  \\  is  a  vector  of  modal  DOF  (1  =1,  2,...  W)  with  h  being  the  number  re 
inodes  used  in  the  dynamic  analysis.  Substituting  (12)  into  (7)  and 
premultiplying  by  the  result  is 


•M-  u 


(13) 


where 


(14) 


and 

A 

T T  1/  ■ 

T 

L,  =■ 

o  K 

1 

f 

*“i\\ 

(15) 

are  both  diagonal  matrices  with  Tl\  containing  the  generalized  masses  (denoted 
as  KYI *j  )  and  f^^the  gem  ralized  stiffnesses  (denoted  as  (cj  )  of  the 
cantilevered  modes. 


With  the  addition  of  damping,  each  individual  modal  equation  in  equation  (13)  is, 
after  dividing  through  by  the  generalized  mass: 


+  m 


•  X' 

I  I  >  I 


IJi  f.i  1 


-  i  f  ( M  0  4  M  )  U 

Ml;  ft  V  Vi  Ar  Vr' 


(16) 


The  damping  factor. 


is  specified  through  use  of  the  TABDMP  bulk  data  card. 


Define 


.T 


■f'  =.  i  4!  (m  d  4  rt,  ) 

*r  |V  IX  V  n  'tv-1 


(17) 


1 

The  row  matrix  Tr  contains  as  many  terms  as  there  are  DOF  identified  on  the 
SUPORT  card,  that  is,  those  that  will  be  given  a  known  motion  from  the  shaker. 
Each  term  in  is  identified  as  being  a  modal  participation  factor  since  the 

solution  to  equation  (16)  for  some  specified  base  motion  at  one  DOF  will  be 
proportional  to  the  corresponding  term  in  A J 


As  an  example  of  this  consider  the  situation  when  the  base,  motion  is  a  steady 
state  sinusoidal  input  at  some  resonant  frequency  Lu  with  an  acceleration 
(complex)  magnitude  .  In  this  case:  1 


u. 


urt 
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The  solution  to  equation  (16)  for  the  modal  acceleration 


■  ■ 


is 


where 


(18) 


and 


vv>  • 

’  I 
1 


is  the  modal  amplification  in  mode  \  .  Equation  (18)  indicates  the  modal 
acceleration  is,  of  course,  lagging  the  base  acceleration  input  by  90  degrees. 

The  significance  of  the  modal  participation  factors  in  *|'r  is  evident  from 
equation  (18).  At  resonance,  the  modal  acceleration  magnitude  is  equal  to  the 
product  of  the  modal  amplification,  the  participation  factor  and  the  magnitude  of 
the  input  shaker  acceleration.  For  systems  with  relatively  small  damping,  the 
magnitude  of  the  accelerations  at  grid  points  throughout  the  structure  can  be 
approximated  by  a  single  mode  response  (the  resonating  mode)  so  that,  for  example, 
using  only  one  mode  in  equation  (12) 


(19) 


The  modal  participation  factors,  together  with  the  eigenvectors  calculated  in  a 
real  eigenvalue  analysis  can  therefore  be  used  to  obtain  estimates  of  what  the 
magnitude  of  the  grid  point  accelerations  will  be  in  a  subsequent  forced  base 
response  analysis.  The  modal  participation  factors  can  be  easily  calculated 
during  the  real  eigenvalue  analysis  run  (in  Rigid  Format  3,  for  example).  A 
matrix  of  all  participation  factors  for  all  modes  is: 


( »w 


(20) 


That  is,  each  row  of  £  is  an  *4  r  (the  participation  factors  for  one  mode). 
Each  column  of  p  gives  the  participation  factors  for  all  modes  for  one  DOF  of 
base  acceleration.  For  example,  column  1  of  contains  the  participation 

factors  for  base  acceleration  in  the  first  DOF  entered  on  the  SUPORT  card. 
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The  modal  parcicipation  factors  can  be  used  to  easily  calculate  what  is  commonly 
referred  to  as  modal  mass.  Consider  equation  (10)  for  the  base  loads  (the  shaker 
forces  required  to  produce  ) .  Using  the  modal  transformation  in  equation  (12) 
the  loads  J>^  in  equation  (10)  can  be  written  as 


X  P1 

/•' 


M  u 

*  r 


where 


p'  =  (  K  ft  +  M  f 

nSr 1  Tx  Sj 

1  «■_  I 

Using  equation  (18) ,  the  complex  amplitude  of  P  is  P  where 

pi  -• 


4;  u  r 


Using  equation  (17) 


where 


p>,)  -  ->(»whJ4;  K 

-  ^yy  Uy  (22) 

-  ■(;  i  .... 


is  the  l  mode  modal  ma_  atrix.  It  is  a  square  matrix  of  size  y  and  from 
equations  (21)  and  (22)  it  is  seen  that  its  use  is  in  determining  the  j 4,1  mode 
contribution  to  the  base  forces  (required  shaker  forces) .  For  systems,  with  small 
damping  the  forces  at  a  resonance  lOj  would  be  approximately  p*  so  that 

equation  (22)  would  give  an  approximation  to  the  total  forces.  It  is 
interesting  to  note  that  if  the  sum  of  all  modal  mass  matrices  is  denoted  as 


T 


"»yr 
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and  if  all  of  the  eigenvectors  are  used  (h  =  d)  then: 


Kk*  < 


(M 


if 


If  there  are  no  masses  at  any  of  the  V*  set  of  D.O.P  then 


M 


vr 


(25) 


(26) 


That  is,  the  sum  of  the  modal  masses  is  the  rigid  body  mass  matrix  (data  block  MR 
from  module  RBMG4)  when  all  masses  are  at  the  y  set  of  DOF.  Thus,  modal  masses 
can  be  calculated  in  a  real  eigenvalue  analysis  and  can  be  used  to  estimate  how 
many  modes  will  have  to  be  used  in  the  subsequent  base  excitation  dynamic  analysis 
to  make  sure  a  high  percentage  of  the  complete  system  mass  is  included  (since 
modal  truncation,  in  effect,  truncates  mass).  This  would  be  useful  in  transient 
analysis  where  the  single_  mode  response  at  resonance  is  not  a  valid  approximation. 
The  modal  mass  matrix  can  easily  be  determined  from  the  modal  participa¬ 
tion  factors  f  From  equations  (17)  and  (23)  it  is  seen  that 


(27) 


DMAP  ALTER  DESCRIPTION 


The  DMAP  Alter  package  for  calculating  the  modal  participation  factors  and  modal 
masses  is  described  in  detail  in  Appendix  A.  The  calculations  are  done,  of 
course,  in  the  real  eigenvalue  analysis  NASTRAN  Rigid  Format  and  in  particular  in 
either  COSMIC  Rigid  Format  3  or  MSC  Rigid  Formats  3  or  25.  The  description  in 
Appendix  A  is  an  alter  package  for  MSC  Rigid  Format  25  or  COSMIC  Rigid  Format  3. 
However,  calculation  of  the  modal  masses  in  the  COSMIC  version  is  not  convenient 
at  this  time  due  to  a  limitation  in  the  COSMIC  version  of  module  DIAGONAL. 

As  recommended  in  the  MSC  documentation,  Reference  2,  base  motion  problems  are 
solved  by  putting  all  DOF  which  are  to  have  a  specified  motion  on  SUPORT  cards 
and  also  connecting  fictitious  large  masses  to  these  DOF.  If  the  large  masses 
are  very  large  in  comparison  to  the  complete  structure  mass  then,  when  a  force  is 
applied  to  these  DOF,  their  acceleration  will  be  determined  to  be  very  nearly  the 
force  divided  by  the  large  mass.  Making  the  force  equal  to  the  large  mass  times 
the  desired  acceleration  at  these  DOF  will  then  result  in  the  NASTRAN  solution  for 
these  accelerations  to  be  the  desired  base  accelerations. 

Thus,  the  first  portion  of  the  DMAP  Alter  automates  the  inclusion  of  the  large 
(seismic)  massgs  at  the  DOF  identified  on  SUPORT  bulk  data  cards.  The  large  mass 
is  taken  as  10°  times  the  diagonal  of  the  rigid  body  mass  matrix  (data 
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block  MR  calculated  in  module  RBMG4) .  The  bulk  data  deck  for  the  real  eigenvalue 
analysis  with  the  DMAP  Alter  program  should  include  SUPORT  cards  for  the 
nonredundant  DOF  at  which  base  motion  is  desired.  As  mentioned  previously,  the 
actual  base  DOF  that  are  connected  to  the  shaker  are  to  be  rigidly  constrained  to 
some  nonredundant  set  of  DOF  that  are  then  included  on  SUPORT  card,.  (and  not 
single  point  constrained)  to  identify  them  as  the  base  motion  DOF. 

The  second  part  of  the  DMAP  Alter  calculates  the  matrix  which  contains  the 

modal  participation  factors.  These  are  printed  out  as  matrix  data  block  FNR. 

The  third. part  of  the  DMAP  alter  calculates  the  diagonal  terms  of  the  modal  mass 
matrix  n»ri.  .  These  can  only  be  calculated  in  the  MSC  version  since  they  require 
a  feature  in  the  DIAGONAL  module  (namely  raising  all  elements  of  a  matrix  to  a 
power)  not  available  in  ,the  COSMIC  DIAGONAL  module.  The  matrix  which  contains 
the  diagonal  terms  of^^  is  data  block  MJRR  and  row  j  of  this  matrix  contains 
the  diagonal  terms  for  mode  j  .  This  matrix  is  also  printed  out  in  terms  of 
percent  of  the  corresponding  mass  in  the  rigid  body  mass  matrix  as  matrix  data 
block  MJRRP.  Addition  of  each  column  should  give  a  value  of  100  if  all  modes  are. 
used  and  if  there  are  no  masses  (other  than  the  fictitious  large  mass)  at  the  'p 
set  of  DOF. 


SAMPLE  PROBLEM 


Figure  2  shows  a  sample  problem  using  the  DMAP  Alter  for  a  beam  which  is  to  be 
given  a  base  motion  at  grid  point  11.  The  aluminum  beam  is  2.54m  (100  inches) 
long  with  a  mass  of  9.1kg  (beam  weight-is  201b).  Section  properties  for  the  beam 
are:  .0013m2 (2. Oin  )  area  and  8.33X10  ni  (2.0in  )  moment  of  inertia.  The  DOF  which 
are  to  be  given  base  motion  should  be  the  higher  numbered  DOF  in  the  problem  to 
avoid  numerical  problems  with  the  large  fictitious  masses  added  to  these  DOF. 

The  fact  that  the  sample  problem  initially  has  a  nonredundant  interface  with  the 
shaker  (at  grid  point  11)  is  of  no  consequence.  As  mentioned  earlier,  if  the 
interface  where  the  structure  is  to  be  connected  to  the  shaker  is  redundant,  the 
interface  points  can  be  rigidly  connected  to  some  one  point  that  is  then  called 
the  base  motion  point. 

Appendix  B  contains  selected  pages  from  the  NASTRAN  run  for  this  sample  problem 
including  the  bulk  data  deck  listing.  The  input  data  is  seen  to  resemble  any 
real  eigenvalue  run  for  the  beam  cantilevered  modes  except  that  some  of  the  DOF 
at  the  cantilever  point  (grid  point  11)  are  identified  on  a  SUPORT  bulk  data  card 
instead  of  constrained.  For  the  sample  problem  these  were  taken  to  be  DOF  1,  3 
and  5  signifying  that  these  will  be  the  DOF  that  would  be  given  a  base  motion  in 
subsequent  dynamic  analyses.  The  remaining  DOF  at  grid  point  11  are  constrained. 

As  mentioned  previously,  the  DMAP  Alter  automates  the  inclusion  of  the  large 
fictitious  masses  at  the  DOF  identified  in  the  r  set.  The  values  of  these  masses 
are  contained  in  matrix  data  block  MAAB  output  in  the  DgAP  Alter  and  included  in 
Appendix  B.  As  seen  from  MAAB,  the  large  masses  are  10°  times  the  rigid  body 
masses  output  from  the  grid  point  weight  generator  (taking  into  account  the  latter 
is  in  weight  units  and  MAAB  is  in  mass  units) . 
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The  eigenvalues  for  the  sample  problem  are  included  in  Appendix  B.  The  first 
three  are  rigid  body  modes  due  to  the  three  DOF  on  the  SUPORT  card.  The  remaining 
modes  are  those  that  would  have  been  found  if  the  SUPORT  DOF  had  been  constrained 
instead.  This  is  due  to  the  fact  that  large  masses  are  connected  to  the  SUPORT 
DOF  in  order  that  the  elastic  modes  will  be  the  same  as  if  these  DOF  were  con¬ 
strained.  Several  of  the  modes  are  shown  on  Figure  3. 

The  modal  participation  factors  are  shown  in  Appendix  B  as  the  matrix  data  block 
FNR.  These  are  also  shown  in  Table  1.  Each  column  in  the  table  is  a  column  of  p 
and  there  are  3  columns;  one  each  for  the  SUPORT  DOF.  Each  row  in  the  table  n> 
shows  the  terms  in  (which  are  the  rows  )  which  are  the  participation 

factors  for  the  mode  corresponding  to  that  row  of  the  table. 

The  second  column  of  Table  1  gives  the  participation  factors  for  base  motion  in 
DOF  3  at  grid  point  11;  namely  lateral  shaker  motion.  From  Table  1  it  is  seen 
that  mode  1,  with  a  frequency  of  10.9hz,  has  a  participation  factor  of  1.56  while 
mode  5  does  not  contribute  at  all.  This  is  due  to  the  fact  that  mode  5,  as  seen 
from  Figure  3  is  an  uncoupled  longitudinal  mode  of  the  beam  and  could  have  been  so 
identified  by  visual  inspection  of  the  mode  shapes  for  this  simple  beam  problem. 
For  more  complicated  structures  the  participation  factors  are  more  helpful  in 
identifying  significant  modes  for  various  base  excitations  than  the  visual 
inspection  of  the  eigenvector  data. 

The  use  of  the  participation  factors  in  estimating  grid  point  accelerations  that 
would  be  found  in  a  steady  state  sinusoidal  shaker  simulation  is  demonstrated  on 
Figure  4.  The  figure  shows  comparison  of  data  from  an  actual  frequency  response 
run  using  Rigid  Format  8  along  with  the  estimated  accelerations  based  on  the 
modal  participation  factors  in  table  1. 


The  solid  line  is  the  acceleration  at  the  beam  tip  as  a  function  of  the  shaker 
frequency,  ,  with  an  input  acceleration  in  the  Z  lateral  direction  of  1.5g's  at 
grid  point  11.  The  simple  calculation  using  the  participation  factors  and  a 
single  mode  response  with  equation  (19)  gives  acceleration  magnitudes  indicated 
by  the  data  points  on  Figure  4.  The  good  agreement  shows  the  value  of  knowing 
the  participation  factors  when  the  modal  analysis  is  run  rather  than  waiting  to 
determine  the  frequency  response  in  a  later  run.  The  data  point  for  the  490. 6hz 
mode  on  Figure  4  is  not  a  mode  in  resonance  since  the  490.6  mode  is  a  longi¬ 
tudinal  mode  and  the  base  response  in  the  example  is  lateral. 


The  output  in  Appendix  B  also  shows  the  diagonals  of  the  modal  mass  matrices 
as  output  matrix  MJRR.  Expressed  as  a  percent  of  the  corresponding  mass  term  in 
the  complete  structure  rigid  body  mass  matrix,  Mu-'  the  result  is  output  matrix 
MJRRP.  As  mentioned  previously,  if  there  are  no  masses  at  the  DOF  (other  than 
the  fictitious  large  mass  put  there  for  use  calculating  the  participation 
factors)  and  if  all  modes  of  the  structure  are  used,  the  columns  of  MJRRP  should 
add  to  100,  Table  2  shows  the  terms  from  MJRRP.  As  with  the  modal  participation 
factors  these  also  clearly  indicate  which  modes  are  significant  in  terms  of  base 
motion  in  certain  directions.  For  general  base  excitation  problems,  the  data 
from  MJRRP  is  useful  in  identifying  significant  modes  to  be  included  in  the 
analysis.  The  columns  of  Table  2  dc  not  add  up  to  100  percent  for  base  motion 
DOF  1  or  3  since  the  set  did  have  mass.  The  beams'  mass  was  distributed  to  all 
eleven  grid  points  so  that  the  end  grid  points  (1  and  11)  each  have  5  percent  of 
the  total. 
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CONCLUSIONS 


Knowledge  of  the  modal  participation  factors  for  base  motion  can  be  useful  in 
determining  the  significant  modes  to  be  used  in  forced  base  motion  problems. 
Obtaining  the  participation  factors  when  the  modal  analysis  is  run,  allows 
estimates  to  be  made  of  the  subsequent  structure  responses  to  the  base  motion 
prior  to  running  the  base  motion  dynamic  analysis.  The  participation  factors  use 
for  steady  state  base  motion  frequency  response  analyses  was  demonstrated; 
however  they  are  equally  as  valid  for  transient  analysis. 
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Table  1 


Modal  Participation  Factors 
for  Beam  Problem 


Modal  Participation  Factors  From 
for  Base  Acceleration  at  G.P.ll  In: 


Mode 

No. 

Frequency 

(Hz) 

D0F-1 

DOF- 3 

DOF-5 

4 

10.94 

0. 

1.5569 

-113.590 

5 

67.82 

0. 

-.8446 

17.800 

6 

188.0 

0. 

.4736 

-6.124 

7 

364.5 

0. 

-.3137 

2.923 

8 

490.6 

1.2706 

0. 

0. 

9 

595.9 

0. 

.2161 

-1.590 

10 

878.2 

0. 

-.1593 

.9801 

11 

1202. 

0. 

.1371 

-.7370 

12 

1460. 

-.4165 

0. 

0. 

13 

1545. 

0. 

.1154 

-.5618 

14 

1861. 

0. 

-.0806 

.3669 

15 

2086. 

0. 

-.0453 

.1987 

16 

2393. 

-.2414 

0. 

0. 

17 

3267. 

-.1632 

0. 

0. 

18 

4061. 

.1171 

0. 

O'. 

19 

4755. 

-.0854 

0. 

0. 

20 

5332. 

.0613 

0. 

0. 

21 

5777. 

-.0414 

0. 

0. 

22 

6081. 

.0240 

0. 

0. 

23 

6234. 

-.0079 

0. 

0. 
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Table  2 


Modal  Masses 
for  Beam  Problem 


Diagonals  of  Modal  Mass  Matrices* 
for  Base  Acceleration  at  G.P.ll  In 

: 

Mode 

No. 

DOF-1 

DOF- 3 

DOF- 5 

4 

0. 

61.073 

97.030 

5 

0. 

18.854 

2.4995 

6 

0. 

6.4685 

.3228 

7 

0. 

3.3013 

.0856 

8 

80.724 

0. 

0. 

9 

0. 

1.9882 

.0321 

10 

0. 

1.3149 

.0149 

11 

0. 

.9087 

.0078 

12 

8.6749 

0. 

0. 

13 

0. 

.6166 

.0044 

14 

0. 

.3585 

.0022 

15 

0. 

.1171 

.0007 

16 

2.9142 

0. 

0. 

17 

1.3315 

0. 

0. 

18 

.6854 

0. 

0. 

19 

.3647 

0. 

0. 

20 

.1878 

0. 

0. 

21 

.0858 

0. 

0. 

22 

.0288 

0. 

0. 

23 

.0031 

0. 

0. 

Totals 

95.0002 

95.0008 

100.000 

*Expressed  as  percent  of  total  rigid  body  mass  of  structure. 
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flode  1 

Rigid  Body  x  Translation 


Mode  2 

Rigid  Body  z  Translation 


Mode  3  Made  4 

Rigid  Body  y  Rotation  1st  Bending,  10.94hz 


Mode  5 


Mode  6 

3rd  Bending,  188. Ohz 


Mode  7 


Mode  8 

1st  Longitudinal,  490. 6hz 


Figure  3 
Beam  Mode  Shapes 
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[ill 


Output  From  Direct  Frequency  Response 
(Rigid  Format  8)  j 

V 

Single  )3ode  Approximation  Using  Modal 

Participation  Factors 

.0.  100. 

Frequency  (hz) 

Figure  4 

Acceleration  at  G.P.  1  of  Beam  due  to 

1.5g  Sinusoidal  Base  Acceleration  at  G.P.  11 

APPENDIX  A 


DMAP  Alter  for  Determining  Base  Excitation  Modal  Participation  Factors 
(Real  Eigenvalue  Analysis  Rigid  Formats) 


1  ALTER  a 

2  PARAM  1 

3  PARAMR 

4  PaRAMR 

5  DIAGONAL 

6  ADD 

7  ADD 

8  VEC 

9  MERGE, 

10  MATGPR 

11  ADD 

12  EQUIV 

13  ADD 

14  EQUIV 

15  ALTER  a 

16  PARTN  2 

17  GRAM, 


18  ADD 

19  MPYAD 

20  ADD 

21  MPYAD 

22  SOLVE 

23  MATPRN 

24  DIAGONAL 

25  MPYAD 

26  MATPRN 

27  TRNSP 

28  SOLVE 

29  ADD 

30  TRNSP 

31  MATPRN 

32  ENDALTER 


//C,N,N0P/V/N,T=-1  $ 

//C,N,DIV/V,N,GRAVO/C,N,1..0/V,Y,WTMASS=-1.0  $ 

//C , N , COMPLEX/V , N , OUTR/V , N , GRAVO/C , N , 0 . 0/V , N , GRAV  $ 
MR/MRD/C,N, SQUARE  $ 

MRD , /WRD/V,N , GRAV  $ 

MRD , /MBASE/C , N , (l.E8,0.)  $ 

USET/ CP/C , N , A/C , N , L/C , N , R  $ 

,,,MBASE,CP,/MAAB/C,N,-1  $ 
GPL,USET,SIL,MAAB//C,N,A/C,N,A  $ 

MAAB , MAA/MAAT  $ 

MAAT,MAA/T  $ 

MR , MBASE/NEWMR  $ 

NEWMR,MR/T  $ 

PHIA, , CP/PHIL, PHIR, ,/C,N,l/C,N,2/C,N,2/C,N,2  $ 

, PHIL, MI, LAMA, , , , , CASECC/MGNN , ,KGNN,PHILN/C,N,-l/C,N,-0/ 
C , Y,LFREQ= . 000001/C , Y , HFREQ=1 . E20/C ,N , *  1/C ,N , -1/C ,N,-1/ 
V , N , NOCUP/V , N , FMODE  $ 

MGNN , /WGNN/V , N , GRAV  $ 

MLL,DM,MLR/ML3/C,N,0/C,N,1/C,N,0/C,N,2  $ 

ML3,/WL3/V,N,GRAV  $ 

PHILN , WL3 , /FNRO/C ,N ,1/C,N,1/C,N,0/C,N,2  $ 

WGNN , FNRO/FNR/C , N , 1  $ 

FNR, , , ,//  $ 

FNR/M JRRO/ C , N , WHOLE/ C , N , 2 . 0  $ 

WGNN , MJRRO , /MJRR  $ 

MJRR , , , ,  $ 

MJRR/MJRRT  $ 

WRD , MJRRT/MJRRDT/C , N , 1  $ 

MJRRDT,/MJRRPT/C,N, (100., 0.)  $ 

MJRRPT/MJRRP  $ 

MJRRP ,,,,//  .  $ 


Explanation  of  DMAP  Alter  Statements 


I.  Generation  of  Large  Masses  for  SUPORT  Points  for  Base  Motion  Analyses 

1.  DMAP  statements  2  through  14  are  inserted  after  module  RBMG4 
has  run.  For  COSMIC  Rigid  Format  3  (April  1982  version)  the 
Alter  is  at  a^=  69  and  for  MSC  Rigid  Format  25  (Dec.  1981, 
version  61B)  is  140. 

2-4.  PARAM  modules  set  the  values  of  several  parameters  to  be  used. 
Parameter  GRAV  is  the  inverse  of  the  regular  WTMASS  parameter. 

5.  DIAGONAL  extracts  the  diagonal  of  the  rigid  body  mass  matrix, 

MR  (  Hwin  equation  (11))  and  calls  the  result  matrix  data 
block  MRD. 

6.  Matrix  data  block  WRD  is  MRD  multiplied  by  parameter 
GRAV=1/WTMASS  so  that  WRD  is  generally  in  weight  units  if  a 
PARAM  WTMASS  card  is  used  in  the  bulk  data. 

8 

7.  Matrix  data  block  MBASE  is  10  times  MRD.  These  give  the 
large  fictitious  masses  which  are  put  on  the  r  DOF  for  base 
motion  problems. 

8-9.  Module  MERGE,  using  partitioning  vector  CP  generated  in  module 
VEC,  expands  the  large  fictitious  mass  matrix,  MBASE,  up  to 
full  "a"  set  size.  Output  matrix  MAAB  has  the  large  fictitious 
masses  for  the  r  DOF  but  in  a  matrix  of  "a"  size. 

10.  The  large  masses  are  printed  out  and  can  be  seen  to  only  exist 
at  the  r  DOF. 

11-12.  The  large  masses  are  added  to  the  normal  mass  matrix  MAA  and 

the  result  equivalenced  back  to  MAA  so  that  when  MAA  is  called 
for  in  later  modules  the  sum  of  the  normal  MAA  and  the  large 
masses  MAAB  will  be  used. 

13-14.  The  real  eigenvalue  analysis  module,  READ,  uses  the  rigid  body 
mass  matrix,  MR,  when  there  are  SUPORT  DOF.  Since  the  large 
masses -were  added  at  the  r  DOF,  the  sum  of  the  MR  (from  the 
'  finite  element  model)  and  the  large  masses  (in  MBASE)  is  to  be 

used  for  MR  in  module  READ. 


II.  Generation  of  Modal  Participation  Factors 

15.  Following  module  READ  and  the  output  of  the  eigenvalues  and 
eigenvalue  analysis  summary,  the  statements  16  through  23  are 
inserted  for  calculation  of  the  modal  participation  factors.  For 
COSMIC  Rigid  Format  3  (April  1982)  the  alter  is  at  a  =77  and  for 
MSC  Rigid  Format  25  (Dec.  1981  version  61B)  a^  is  14b. 
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16-17.  Module  PARTN  extracts  the  eigenvectors  for  the  %  DOF  and  module 
GKAM  extracts  from  this  the  elastic  ( o  )  eigenvectors.  The 
result  is  called  PHILN  and  is  matrix  used  in  equation 

(12) .  Matrix  data  block  MGNN  is  the  matrix  of  generalized 
masses,  in  equation  (14). 

18.  Convert  MGNN  to  weight  units  if  a  PARAM  V7TMASS  bulk  data  card 
is  present. 

19-20.  Calculate  tMi^and  call  the  result  matrix  d*  a  block 

ML3.  Note  that  matrix  data  block  DM  is  matrix  Ojy.  Matrix 
data  block  WL3  is  ML3  in  weight  units  if  PARAM  WTMASS  is 
present  in  bulk  data. 

21-23.  Calculate  Fnr  "■  5Lv>  ^ 

and  print  out  £  ,  the  matrix  of  modal  participation  factors. 

III.  Statements  24  through  31  calculate  and  print  the  modal  masses.  These 

cannot  currently  be  calculated  in  COSMIC  NASTRAN  since  the  COSMIC  version 
of  module  DIAGONAL  does  not  have  a  feature  which  allows  calculation  of  a 
matrix  which  contains  the  terms  of  some  input  matrix  raised  to  some 
specified  power. 

24.  Module  DIAGONAL  calculates  a  matrix,  MJRRO ,  whose  terms  are  the 
squares  of  the  terms  in  the  modal  participation  factor  matrix, 
FNR. 

25-26.  By  multiplying  MJRRO  by  the  generalized  mass  (or  weight)  matrix 
the  diagonal  terms  of  the  modal  mass  ^trices  are  obtained. 
Matrix  M^gR  is  so  arranged  that  its  row  is  the  diagonal 
of  the  j  modal  mass  matrix,  X.  ,  in  equation  (27) .  This 
matrix  is  printed  out.  Yr 

27-31.  The  modal  mass  terms  are  divided  by  the  corresponding  rigid 
body  mass  terms  for  the  complete  structure  and  multiplied  by 
100.  The  resulting  matrix,  MJRRP ,  is  printed  out  and  gives  the 
diagonals  of  the  modal  masses  (in  the  rows  of  MJRRP)  in  percent 
of  the  rigid  body  mass.  If  there  are  no  masses  (other  than  the 
large  fictitious  masses)  at  the  r  DOF  then  the  columns  of  MJRRP 
should  add  to  100  if  all  modes  are  used. 
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Appendix  B 
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ENDALTER 
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FINITE  ELEMENT  ANALYSIS  OF  FLUID-FILLED 
ELASTIC  PIPING  SYSTEMS 


» 

G.C.  Everstine,  M.S.  Marcus,  and  A.J.  Quezon 
David  W.  Taylor  Naval  Ship  R&D  Center 
Bethesda,  Maryland  20084 


Dedicated  to  the  Manory  of  Janes  M.  McKee  (1942-1983) 


SUMMARY 

Two  finite  element  procedures  are  described  for  predicting  the  dynanic  response 
of  general  3-D  fluid-filled  elastic  piping  systems.  The  first  approach,  a  low 
frequency  procedure,  models  each  straight  pipe  or  elbow  as  a  sequence  of  beans.  The 
contained  fluid  is  modeled  as  a  separate  coincident  sequence  of  axial  members  (rods) 
which  are  tied  to  the  pipe  in  the  lateral  direction.  The  model  includes  the  pipe 
hoop  strain  correction  to  the  fluid  sound  speed  and  the  flexibility  factor  correction 
to  the  elbow  flexibility.  The  second  modeling  approach,  an  intermediate  frequency 
procedure,  follows  generally  the  original  Zienkiewicz-Newton  scheme  for  coupled 
fluid-structure  problems  except  that  the  velocity  potential  is  used  as  the 
fundamental  fluid  unknown  to  symmetrize  the  coefficient  matrices.  From  comparisons 
of  the  beam  model  predictions  to  both  experimental  data  and  the  3-D  model,  the  beam 
model  is  validated  for  frequencies  up  to  about  two-thirds  of  the  lowest  fluid-filled 
lobar  pipe  mode.  Accurate  elbow  flexibility  factors  are  3een  to  be  crucial  for 
effective  beam  modeling  of  piping  systems. 


INTRODUCTION 

Hie  vibrations  that  occur  in  fluid-filled  piping  systems  are  of  interest  in  a 
variety  of  industrial,  aircraft,  and  shipboard  appll .stions .  The  interesting  dynamic 
behavior  includes  both  water  harnner  (a  transient  ph.-'umenon)  and  the  steady-state 
(time-harmonic)  vibrations  caused  by  unbalanced  rotating  machinery  such  as  pumps,  for 
example. 

Over  30  years  ago,  Callaway,  Tyzzer ,  and  Hardy  (Ref.  1)  recognized  in  their 
experimental  work  the  importance  of  the  coupling  between  the  vibrations  of  the  liquid 
and  the  pipe  wall,  even  for  nominally  straight  pipes.  Since  then,  a  number  of 
investigators  have  proposed  various  techniques  of  mathematical  modeling  for  design 
and  analysis  purposes. 

Most  of  these  techniques  have  been  restricted  to  straight  pipes.  Some  recent 
work,  for  example,  was  reported  by  El-Raheb  (Ref.  2,3)*  who  analyzed  the  acoustic 
propagation  in  a  perfect,  finite  length,  fluid-filled,  thin  elastic  cylindrical 
shell.  El-Raheb  obtained  eigenfunction  expansions  for  Koiter's  consistent  shell 
equations  and  the  Helmholtz  equation  governing  the  fluid  field. 

There  have  also  been  sane  finite  element  analyses  of  2-D  fluid  cavities  of 
general  shape  (Ref.  4,5).  These  approaches,  however,  avoid  the  fiuid-structure 
coupling  by  requiring  as  input  the  impedance  of  the  pipe  wall. 
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There  has  been  relatively  little  fluid-structure  interaction  work  involving 
general  3-D  piping  systems  containing  joints  such  as  elbows  and  tees.  The  first  such 
analyses  were  probably  performed  by  Davidson,  Smith,  and  Samsury  (Ref.  6,7). 

They  recognized  that  a  simplified  beam  model  should  suffice  for  the  relatively  low 
frequencies  which  are  often  of  interest.  Low  frequency  dynamic  behavior  is  charac¬ 
terized  by  pipes  which  respond  only  in  their  bean  (rather  than  lobar)  modes  and  by 
fluid  wavelengths  which  are  large  compared  to  the  pipe  diameter.  Thus,  for  such 
situations,  the  fluid  wave  propagation  through  the  pipes  is  jssentially  planar.  This 
procedure,  although  fully  general  in  concept,  was  implemented  in  a  special  purpose 
computer  program  limited  as  to  the  generality  and  size  of  problans  which  could  be 
handled . 

The  same  assumptions  formed  the  basis  of  a  finite  element  procedure  developed  by 
Howlett  (Ref.  8)  for  aircraft  hydraulic  systans.  This  procedure  modeled  the  fluid 
inside  the  pipe  as  a  beam  having  zero  bending  stiffness.  Elbows  and  tees  were  not 
modeled  explicitly.  Instead,  compatibility  at  a  joint  (elbow  or  tee)  was  enforced  as 
an  additional  constraint  requiring  the  conservation  of  fluid  mass  passing  through  the 
joint.  The  Howlett  analyses,  however,  apparently  omitted  two  essential  ingredients: 
(1)  the  correction  to  the  fluid  sound  speed  to  account  for  the  elasticity  of  the  pipe 
walls,  and  (2)  the  flexibility  factor  correction  for  the  elbows  to  account  for  the 
fact  that  curved  pipes  are  considerably  more  flexible  than  straight  pipes  of  the  same 
cross  section  (Ref.  9). 

More  recently,  the  transfer  matrix  approach  was  used  by  El-Raheb  (Ref.  10) 
to  calculate  the  beam-type  dynatiic  response  of  3-D  multiplane  piping  systems  consist¬ 
ing  of  straight  sections  and  elbows.  One  of  El-Raheb' s  conclusions  was  that  the  one¬ 
dimensional  acoustic  assunption  is  valid  for  frequencies  up  to  about  one-half  the 
frequency  of  the  lowest  acoustic  mode  having  two  waves  around  the  circumference 
(n=2). 


Schwirian  and  Karabin  (Ref.  11)  developed  another  finite  element  procedure  which 
was  similar  to  Howlett' s  (Ref.  8)  except  that  the  fluid  inside  an  elbow  was 
apparently  modeled  with  a  single  straight  axial  rnanber  ("spar"  element)  with 
fictitious  properties  assigned  to  simulate  properly  the  fluid  mass  and  compressi¬ 
bility.  Hus  model  also  included  the  pipe  hoop  strain  correction  to  the  fluid  sound 
speed  and  the  flexibility  factor  correction  to  the  elbow  flexibility.  No  experimen¬ 
tal  validation  of  the  model  was  included  in  the  paper. 

One  additional  modeling  procedure  was  formulated  by  Hatfield  and  Wiggert  (Ref. 
12).  They  used  a  transfer  function  approach  involving  separata  analyses  of  liquid 
and  solid  components,  followed  by  synthesis  of  the  component  solutions.  The  scheme 
was  validated  for  planar  pipi-.g  systems  by  comparison  with  experimental  data. 

In  general,  beam  models  of  fluid-filled  elastic  piping  systems  are  very  attrac¬ 
tive  because  of  their  simplicity.  Finite  element  approaches  have  the  added  feature 
of  allowing  essentially  arbitrary  specification  of  geometry,  boundary  conditions, 
loadings,  and  output  requests.  In  addition,  finite  element  models  of  piping  systems 
can  easily  be  combined  with  models  of  the  support  structure. 

In  this  paper,  we  will  develop  further  the  finite  element  approach  for  low  fre¬ 
quency  prediction  by  combining  ideas  from  the  papers  just  mentioned.  Our  model  is 
mathematically  equivalent  to  the  David son-Sm ith-Samsury  model  (Hef.  6,7),  a  non- 
finite  element  approach.  Our  modeling  scheme  is  similar  to  those  of  Howlett  (Ref.  8) 
and  Schwirian  and  Karabin  (Ref.  11)  except  that  we  model  elbows  explicitly  by  a  po¬ 
lygonal  set  of  beam  elanents  for  the  pipe  and  axial  members  for  the  fluid.  We  will 
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also  show  the  importance  of  assigning  the  correct  flexibility  factors  to  the  elbows. 
(In  general,  most  classical  means  of  calculating  flexibility  factors  are  not  adequate 
for  elbows  with  straight  pipe  extensions  at  the  ends  (Ref.  13*  I1!))  •  Hie  modeling 
approach  will  be  validated  in  two  ways.  First,  for  a  simple  olanar  system,  compari¬ 
sons  will  be  made  with  both  experimental  data  and  a  general  3~l>  finite  element  model 
which  models  the  pipe  as  a  shell  and  the  contained  fluid  with  3-D  fluid  finite 
elements.  Second,  for  a  complex  non-planar  system,  comparisons  will  be  made  between 
a  beam  solution  and  a  general  i-D  finite  element  solution.  Since  the  latter  includes 
the  essential  physics  of  the  full y -coupled  problem,  it  provides  a  good  test  for  the 
approximate  models. 

The  3-D  finite  element  solutions  to  be  presented  use  the  generally  classical 
procedures  which  evolved  from  the  work  of  Zienkiewicz  and  Newton  (Ref.  15).  In  our 
analyses,  we  make  use  of  the  recent  improvement  (Ref.  16)  which  shows  how  to  obtain 
symnetric  matrix  equations. 


LOW  FREQUENCY  BEAM  MODEL 


For  low  frequency  dynamic  excitation  of  fluid-filled  elastic  piping  systems,  the 
pipes  respond  only  in  their  beam  (rather  than  lobar)  modes,  and  the  wave  propagation 
in  the  fluid  colunn  is  essentially  planar.  It  is  assuned  either  that  the  fluid  is 
initially  at  rest,  or  that  Jie  average  flow  speed  is  so  small  compared  to  the  sound 
speed  that  the  acoustic  response  is  unaffected.  Tne  fluid-structure  coupling  is 
assumed  to  occur  only  at  pipe  bends  and  other  joints.  Thus,  the  fluid  is  allowed  to 
slide  without  friction  in  straight  sections  of  pipe.  Ihe  circular  pipe  cross  section 
is  assumed  to  remain  circular.  The  equation  satisfied  by  either  the  fluid  pressure 
or  the  axial  component  of  fluid  displacement  is  the  scalar  wave  equation;  thus  the 
fluid  can  be  modeled  by  an  axial  structural  manber  (rod). 


Finite  elenent  models  are  prepared  using  the  following  procedure:  Beam  elanents 
are  used  to  model  both  the  straight  sections  and  the  elbows.  If  straight  beam 
elanents  are  used,  a  minimum  of  three  elanents  is  recommended  (on  the  basis  of  sane 
numerical  testing)  for  90-degree  bends,  regardless  of  the  spacing  of  grid  points  in 
adjacent  straight  sections.  In  straight  sections,  the  grid  point  spacing  is  dictated 
by  the  need  for  accurate  normal  modes  of  vibration  in  the  frequency  range  of 
interest . 


Since  a  pipe  bend  is  more  flexible  than  an  equivalent  length  of  straight  pipe, 
the  manents  of  inertia  for  the  beam  elanents  in  each  elbow  should  be  divided  by  the 
appropriate  flexibility  factor.  For  piping  systems  with  straight  sections  not 
significantly  longer  than  the  arc  lengths  of  the  elbows,  the  elbow  stiffness  plays  an 
important  role  in  the  dynamic  response  and  must  be  accurately  modeled.  Thus  the 
flexibility  factors  assigned  to  each  elbow  should  apply  to  the  elbow  as  it  is 
configured  in  the  piping  system.  In  particular,  the  flexibility  factors  for  90- 
degree  elbows  with  straight  pipe  extensions  are  sensitive  to  the  length  of  those 
extensions  (Ref.  13,  1*0.  As  shown  by  Quezon  and  Everstine  (Ref.  14),  idealized 
approaches  such  as  those  used  in  the  ELBOW  canputer  program  (Ref.  17)  are  generally 
not  adequate  for  predicting  the  flexibility  factors  of  90~degree  elbows  with  straight 
pipe  extensions. 

For  the  acoustic  fluid  inside  the  pipe,  a  duplicate  set  of  grid  points  is 
defined  to  coincide  with  the  pipe  grid  points.  Ihe  fluid  is  modeled  with  elastic  rod 
elements  (sometimes  called  spars)  ,  which  are  equivalent  to  beam  elements  with  zero 
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flexural  and  torsional  stiffness.  These  elements  are  assigned  the  actual  mass 
density  p  for  the  fluid  and  a  Young* s  modulus  E  given  by 


E  =  pc2 


(1) 


In  Equation  (1),  c,  the  effective  sound  speed  in  a  fluid  oolunn  contained  in  an 
elastic  circular  thin-walled  pipe,  is  obtained  from 


c  =  /§7p  /  /I  +  BD/E  t‘ 


(2) 


where  B  is  the  fluid  bulk  modulus  of  elasticity,  p  is  the  fluid  mass  density,  D  is 

the  mean  diameter  of  the  pipe,  E  is  the  Young's  modulus  of  the  pipe  material,  and  t 

is  the  pipe  wall  thickness.  Since  the  numerator  in  Equation  (2)  is  the  actual  speed 

of  sound  in  the  fluid,  the  denominator  (which  is  always  greater  than  unity)  is  the 

corrective  factor  which  accounts  for  the  elasticity  of  the  pipe.  This  correction  is 
well  known  (Ref.  18);  according  to  Krause,  Goldsmith,  and  Sackman  (Ref.  19),  this 
relation  was  first  derived  by  Joukowsky  (Ref.  20)  over  80  years  ago.  Equations  (1) 
and  (2)  can  be  combined  to  yield 


E  =  B/(1  +  BD/E  t)  (3) 

s 

The  fluid,  which  is  modeled  with  axial  members,  must  have  only  one  independent 
degree  of  freedom  (DOF)  at  each  grid  point.  The  three  rotational  DOF  are  restrained 
at  all  fluid  points.  Both  transverse  translational  DOF  at  each  fluid  point  are  con¬ 
strained  (using  multipoint  constraints  or  rigid  links)  to  move  with  the  corresponding 
structural  point.  The  only  remaining  DOF,  the  axial  DOF,  is  free  to  slide  relative 
to  the  beam.  These  constraints  are  applicable  in  both  the  straight  sections  and  the 
elbows.  It  is  therefore  convenient  to  define  for  each  elbow  a  separate  cylindrical 
coordinate  system  whose  axis  is  perpendicular  to  the  plane  of  the  elbow  and  inter¬ 
sects  the  center  of  curvature.  For  elbows,  the  independent  DOF  is  thus  the  azimuthal 
translation.  For  each  straight  section,  it  is  convenient  to  define  a  separate 
Cartesian  system  with  one  axis  coincident  with  the  pipe  axis.  It  is  emphasized  that 
the  single  independent  fluid  unknown  is  the  axial  displacement,  not  the  pressure. 

The  fluid  pressure  can  be  recovered  from  the  finite  element  program  in  the  usual  way 
by  requesting  that  stresses  in  the  fluid  elements  be  calculated  and  printed. 

Hie  modeling  of  fluid-filled  tees  is  handled  differently  from  that  of  elbows. 
Since  fluid  entering  one  leg  of  a  tee  can  flow  out  both  of  the  other  two  branches, 
the  procedure  must  ensure  that  the  total  fluid  mass  flowing  into  one  branch  of  the 
joint  equals  the  total  mass  flowing  out  the  other  two  branches  (Ref.  8).  (This  con¬ 
dition  is  automatically  satisfied  for  an  elbow,  a  two-branch  joint.)  In  the  finite 
element  model,  we  define  at  the  intersection  of  the  tee  branches  one  structural  grid 
point  and  three  fluid  grid  points,  as  shown  in  Figure  1.  As  with  other  fluid  grid 
points  m  the  system,  each  of  these  three  points  is  permitted  to  move  only  in  the 
axial  direction  for  the  branch  in  which  it  lies.  In  addition,  the  three  axial  DOF 


144 


are  not  independent  (because  of  conservation  of  mass)  and  must  satisfy  the  relation 

3 

£  A,  (5,  -  u.)  -  0  (4) 

1=1  1  1  1 

:  where  u^  and  are  the  axial  components  of  structural  and  fluid  displacenents ,  re¬ 
spectively,  ancl  A  is  the  fluid  cross-sectional  area  for  branch  i  of  the  tee. 

;  Thus,  a  tee  introduces  two  independent  fluid  DOF  into  the  model. 

As  with  elbows,  flexibility  factors  should  be  used  with  the  beam  elements  which 
model  the  tee.  Unfortunately,  even  less  is  known  about  tee  flexibilities  than  about 
elbow  flexibilities.  The  procedure  that  we  find  convenient  for  computing  tee  flexi¬ 
bilities  is  to  perform  a  separate  finite  element  analysis  for  a  tee  modeled  as  a 
:  shell.  This  analysis  can  be  easily  made  since  a  tee  data  generation  program  (Ref. 

;  21)  has  been  interfaced  with  NASTRAN  by  Quezon  (Ref.  22)  so  that,  given  a  few  basic 
parameters,  an  analysis  can  be  performed  within  a  few  hours.  No  tees  are  included  in 
the  examples  in  this  report. 

Damping  in  the  piping  system  can  be  directly  incorporated  in  the  finite  element 
model  by  entering  the  damping  loss  factor  as  a  material  danping  constant,  which 
results  in  complex  material  moduli. 


145 


Because  of  the  versatility  of  finite  element  computer  codes,  various  boundary 
conditions  on  the  fluid  colunn  are  possible.  At  a  free  surface  (where  the  pressure 
vanishes),  the  fluid  DOF  (the  axial  displacement)  is  left  free,  a  natural  boundary 
condition.  At  a  fixed  boundary,  the  unknown  is  restrained.  If  the  pipe  modeled  is 
part  of  a  very  long  system,  in  which  case  a  non-reflecting  fluid  boundary  is  needed, 
the  plane  fluid  waves  can  be  absorbed  by  attaching  to  the  fluid  DOF  a  dashpot  whose 
constant  (ratio  of  axial  force  to  velocity)  is  pcA,  where  p  is  the  fluid  mass 
density,  c  is  the  effective  sound  speed  as  given  by  Equation  (2),  and  A  is  the  cross- 
sectional  area  of  the  fluid  column.  For  a  pipe  that  opens  into  a  large  volume  of 
fluid  (e.g.,  the  sea),  the  appropriate  boundary  condition  is  that  of  a  piston  in  an 
infinite  baffle  (Ref.  23),  in  which  case  the  scalar  added  mass 


M  =  8pa3/3 
a 


(5) 


is  applied,  where  p  is  the  fluid  mass  density  and  'a'  is  the  radius  of  the  opening. 
For  a  pipe  with  a  closed  end,  the  axial  fluid  displacanent  at  the  end  is  tied  to  the 
axial  structural  displacement  using  a  multipoint  constraint  equation  or  rigid  link. 

The  beam  model  just  described  can  be  applied  using  most  general  purpose  finite 
element  structural  analysis  codes  without  modification.  The  analysis  is  performed  in 
a  single  pass  with  the  fluid-structure  coupling  included  in  the  model.  The  resulting 
model  lias  seven  independent  degrees  of  freedom  at  each  grid  point  location,  six  for 
the  pipe  and  one  for  the  axial  component  of  fluid  displacanent .  For  matrix  bandwidth 
reasons,  each  fluid  grid  point  should  be  sequenced  adjacent  to  its  corresponding 
structural  point.  The  major  limitation  of  the  model  is  frequency:  this  is  a  low 
frequency  model.  More  will  be  said  about  this  limitation  later. 


INTERMEDIATE  FREQUENCY  3-»  MODEL 


For  the  dynamic  response  prediction  of  piping  systems  at  frequencies  for  which 
beam  models  are  not  valid,  general  three-dimensional  finite  elanent  models  are 
required.  In  general,  this  approach  models  the  pipe  with  shell  elements  and  the  con¬ 
tained  fluid  with  3-D  acoustic  finite  elements.  Thus  the  pipe  need  not  respond  only 
as  a  beam  (for  which  the  cross  sections  are  rigid),  and  non-planar  fluid  response  is 
allowed.  Such  a  model  generally  requires  thousands  of  degrees  of  freedom,  even  for 
simple  piping  systems.  Thus,  although  j-D  models  may  find  only  limited  use  (given 
current  computing  power),  it  is  worthwhile  to  describe  the  model's  formulation  and 
demonstrate  its  application.  A  3-U  model  is  particularly  useful  for  validating 
approximate  models  such  as  beam  models  since  the  limitations  of  the  approximate  model 
can  then  be  determined.  The  purpose  of  this  section  is  to  describe  the  general  3-D 
finite  element  modeling  of  non-planar  fluid-filled  elastic  piping  systems.  We  are 
not  aware  of  any  previous  finite  element  analyses  of  the  size  to  be  considered  here 
for  the  fully-coupled  fluid-structure  problen. 

Most  general  finite  element  work  involving  an  elastic  structure  coupled  to 
an  acoustic  fluid  (for  which  the  fluid  pressure  satisfies  the  wave  equation)  can  be 
traced  to  the  work  of  Zienkiewicz  and  Newton  (Ref.  15).  In  their  work  and  in  many 
subsequent  papers  by  others,  the  fundamental  fluid  unknown  was  taken  to  be  the 
pressure.  A  few  investigators  (e.g.,  Hamdi,  Ousset,  and  Verchery  (Ref.  24))  selected 
the  fluid  displacement  as  the  unknown. 
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Everstine  (Ref.  25-27)  showed  how  general  purpose  structural  analysis  codes 
could  be  used,  without  modification,  to  solve  the  common  field  equations  arising  in 
mathematical  physics  (including  the  wave  and  Helmholtz  equations  of  acoustics).  He 
also  showed  how  the  codes  could  be  used  to  solve  mixed  field  problems  such  as  coupled 
structural-acoustic  problems. 

More  recently,  he  showed  (Ref.  16)  that,  if  the  coupled  fluid-structure  problem 
were  formulated  with  velocity  potential  rather  than  pressure  as  the  fundamental  fluid 
unknown,  the  nonsymmetric  matrices  of  the  pressure  formulation  would  be  symmetric. 

For  sane  situations,  including  steady-state  problems  involving  damped  systems  (which 
are  of  interest  here),  significant  computational  advantages  result. 

If  both  fluid  and  structure  are  modeled  with  finite  elements,  the  following 
matrix  equation  arises  (Ref.  16,28): 


where  q,  the  fundamental  unknown  in  the  fluid,  is  the  time  integral  of  pressure 
and  hence  proportional  to  the  velocity  potential.  Hie  unknown  q  is  a  vector  with  a 
single  unknown  at  each  fluid  mesh  point.  In  Equation  (6),  u  is  the  vector  of  dis¬ 
placement  components  in  the  structure,  M  and  Q  are  the  mass  matrices  for  the  struc¬ 
ture  and  fluid,  K  and  H  are  the  stiffness  matrices  for  the  structure  and  fluid,  A  is 
the  area  matrix  which  converts  fluid  pressure  at  interface  points  to  structural 
loads,  B  and  C  are  the  damping  matrices  for  the  structure  and  fluid,  and  f1  and  f2 
are  the  structural  and  fluid  applied  loads.  If  the  pressure  gradient  (or  equiva¬ 
lently,  fluid  motion)  is  specified  at  a  fluid  boundary,  fg  takes  the  form 


f2  =  -(Ag3q/3n)/p 


(7) 


where  A  is  the  area  matrix  for  the  boundary  surface.  In  Equation  (6),  the  required 
"material  constants"  for  the  fluid  elements  are 


G  =  -1/p,  E  =  1020  G  ,  Pp  -  -1/pc2 

c  c  6  “ 


(8) 


where  Gg,  Ee,  and  p  are,  respectively,  the  "shear  modulus,"  "Young's  modulus," 
and  "mass  density"  assigned  to  the  fluid  finite  elements  (Ref.  16,28). 


In  the  fluid-filled  piping 
by  specifying  an  overall  system 
Equation  (6 )  are  complex ,  and  B 


systems  of  interest  here,  damping  is  introduced 
loss  factor.  In  that  case,  the  matrices  K  and  H  in 
-  0  -  0.  Hie  loss  factor  rj,  if  uniform,  is  given  by 


n  =  Im  (K)  /  Re  (K)  =  Im  (H)  /  Re  (H) 


(9) 
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All  matrices  ir.  Equation  (6)  except  A  are  automatically  formed  by  the  finite 
element  program  once  the  elements  are  defined.  Tne  area  matrix  A  has  non  zeros  only 
at  rows  and  columns  corresponding  to  interface  degrees  of  freedom.  For  piping 
systems  which  involve  only  cylinders  and  tori,  the  area  contribution  at  each  point  is 
easily  calculated  analytically,  so  that  A  can  be  generated  by  an  automatic  data 
generation  preprocessor . 

This  finite  element  scheme  can  be  implemented  on  any  general  purpose  structural 
code  which  allows  the  user  to  enter  matrix  elements  directly  from  the  input  stream. 

We  used  NASTRAN  for  the  analyses  described  in  this  paper. 


EXAMPLE  is  A  PLANAR  PIPING  SYSTEM 


The  formulations  described  in  the  preceding  sections  will  be  illustrated  first 
on  a  simple  planar  piping  system  for  which  experimental  data  are  available  (Ref.  6) . 
This  system,  shown  in  Figure  2,  consists  of  two  straight  sections  of  standard  4-inch 
copper-nickel  pipe  connected  by  an  elbow.  The  system  is  filled  completely  with  lu¬ 
bricating  oil.  Table  1  summarizes  the  pertinent  properties  of  the  system. 


Figure  2  -  Planar  Piping  System 
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TABLE  1  -  CHARACTERISTICS  OF  PLANAR  PIPING  SYSTEM 


Pipe  (4-inch  70-30  Cu-Ni) 

outside  diameter  (O.D. ) 

4.5  in 

minimun  wall  thickness 

0.203  in 

nominal  wall  thickness 

0.232  in 

Young's  modulus 

22,000,000  psi 

Poisson's  ratio 

0.294 

weight  density 

0.323  lb/in^ 

Elbow 

bend  radius  (R) 

4  in 

bend  angle 

90  degrees 

Fluid  (2190  TEP  oil) 

actual  bulk  modulus 

282,000  psi 

effective  bulk  modulus  in  pipe 

228,000  psi 

weight  density 

0.0315  lb/ in'* 

As  seen  in  Figure  2,  one  end  of  the  pipe  was  fixed,  and  the  fluid  was  driven  by 
a  piston  designed  to  excite  only  the  fluid.  The  other  end  of  the  system  was  free. 
Measuranents  (Ref.  6)  included  the  fluid  pressure  at  the  piston  and  the  inplane  com¬ 
ponents  of  structural  velocity  at  the  free  end. 

Both  beam  and  3-D  models  were  prepared  for  this  piping  system  using  the  finite 
element  approaches  described  in  the  preceding  section.  The  beam  model  consisted  of 
ten  beam  elanents  in  each  straight  section  and  eight  elements  in  the  elbow.  For  this 
2-D  problem,  each  fluid  and  structural  grid  point  had,  respectively,  one  and  three 
degrees  of  freedom  (DOF).  Ihe  beam  model  thus  had  112  DOF.  The  elbow  flexibility 
factor  used  for  the  beam  analysis  was  8.  14,  which  was  computed  by  the  LLBCW  computer 
program  (Ref.  17).  For  inplane  moment  loads  on  elbows  with  long  straight  sections, 
ELBCW  has  been  shown  to  be  satisfactory,  although  it  does  overestimate  the  flexibil¬ 
ity  factors  slightly  (Ref.  14). 

The  mesh  used  for  the  j-D  model  is  shown  in  Figure  3.  The  structural  element 
used  is  a  low-order  four-node  a.uadrilateral  plate  (NASTRAN'S  QUAD2) .  Because  of 
symmetry,  only  half  of  the  circumference  (180  degrees)  was  modeled.  The  model  had 
ten  elements  in  the  circumferential  direction,  19  elements  longitudinally  in  each 
straight  section,  and  nine  elements  in  the  elbow.  The  dry  pipe  thus  had  about  2800 
DOF.  As  shown  in  Figure  3*  the  fluid  finite  element  mesh  had  two  elements  (a  con¬ 
stant  strain  wedge  and  an  eight-node  isoparametric  hexahedron)  in  the  radial  direc¬ 
tion  between  the  center  of  the  pipe  and  the  shell.  With  the  fluid  added,  the  size  of 
the  3-D  model  increased  to  about  3900  DOt . 

The  assumed  uniform  loss  factor  used  for  all  calculations  for  this  piping  system 
was  0.0262,  independent  of  frequency.  This  value  was  selected  on  the  basis  of  pre¬ 
vious  experimental  experience  with  similar  systems. 
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Figure  j  -  Finite  Element  Model  of  Planar  Piping  System 


The  results  of  the  analyses  of  this  system  are  shown  in  Figures  4  and  5  over  the 
frequency  range  10  Hz  to  10,000  Hz.  Mobility  responses  (the  ratio  of  velocity  re¬ 
sponse  to  driving  force)  are  shown  for  both  analytical  models  and  the  Dav id son-Sruth 
experimental  data  (Ref.  6). 

The  two  analytical  solutions  shown  in  Figures  4  and  5  are  in  reasonably  good 
agreement  even  for  frequencies  above  the  first  lobar  (n=2)  frequency,  where  the  modal 
density  is  high.  Hie  n=2  lobar  frequency  for  a  long  pipe  can  be  estimated  from  the 
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Figure  4  -  Mobility  of  Planar  Piping  System:  Transverse  Response  at  Free  End 

classical  formula  (Ref.  29)  for  the  plane  strain  vibrations  of  a  ring.  For  a  dry 
ring,  the  lowest  n=2  frequency  is 


f  =  (l/2ir)  /  3E  tz/5p  rH(l-vz) 
s  s 


where  E  ,  p  ,  and  v  are,  respectively,  the  Young's  modulus,  mass  density,  and 
Poisson's  rltio  for  the  pipe  material,  t  is  the  wall  thickness,  and  r  is  the  mean 
radius.  Thus,  from  Equation  (10),  for  4-inch  Cu-Ni  pipe,  the  lowest  n=2  lobar  mode 
occurs  at  about  1066  Hz  for  dry  pipe. 
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Figure  ‘3  -  Mobility  of  Planar  Piping  System:  Axial  Response  at  Free  End 


The  corresponding  fluid-filled  frequency  can  be  estimated  if  p  in  Equation  (10) 
is  replaced  by  the  effective  density  p  ^  for  the  structure- fluid  combination: 


Peff  =  ps  +  pr/2t 


where  p  is  the  fluid  mass  density.  With  this  correction,  the  lowest  n-d  lobar  fre¬ 
quency  for  oil-filled  M-inch  Cu-Ni  pipe  is  about  888  Hz. 


EXAMPLE  2:  A  NON-PLANAR  PIPING  SYSTEM 


Although  the  results  for  the  planar  system  show  good  agreement  between  the  bean 
results  and  both  the  j-D  results  and  the  experimental  data,  this  planar  system  does 
not  provide  an  adequate  test  of  a  beam  model.  One  difficulty  which  arises  with 
non-planar  systems  is  that  the  flexibility  factor  k  is  hard  to  calculate.  Although 
idealized  approaches  for  calculating  k  do  not  distinguish  between  inplane  and 
out-of-plane  cases,  it  has  been  shown  (Ref.  14)  that,  for  90-degree  elbows  with 
straight  pipe  extensions,  the  out-of-plane  flexibility  factor  differs  considerably 
from  the  inplane  factor.  In  addition,  many  piping  systems  of  practical  interest  have 
straight  sections  which  are  not  so  long  (relative  to  the  elbow  arc  length)  as  in  the 
planar  system  of  Example  1.  We  would  expect  the  elbow  flexibilities  to  become  more 
important  to  the  overall  dynamic  response  for  systems  with  shorter  straight  sections. 


Here  we  consider  a  complex  j-D  piping  system  also  built  with  4-inch  Cu-Ni  pipe. 
As  shown  in  Figure  6,  the  system  consists  of  four  straight  sections  and  three  elbows 
(two  90-degree  elbows  and  one  45-degree  elbow).  The  pipe  is  filled  completely  with 


Figure  6  -  Finite  Element  Model  of  Non-Planar  Piping  System  (Two  Views) 
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fresh  water.  Fluid  free  surfaces  are  assumed  at  both  ends  of  the  system.  (Experi¬ 
mentally,  such  conditions  could  be  simulated  approximately  by  capping  the  ends  with 
flexible  rubber  membranes.)  The  loading  for  this  system  is  a  time-harmonic  force 
applied  to  the  structure  in  the  axial  direction  at  point  1.  The  entire  system  is 
assumed  to  be  freely  suspended.  No  experimental  data  are  available  for  this  system. 

Both  beam  and  3-D  finite  element  models  were  prepared  for  this  piping  system. 
Ihe  beam  model,  which  consisted  of  21  beam  elements,  had  15*1  DOF.  Hie  3-D  model 
(Figure  6)  had  about  7500  DOF  (dry)  and  9900  DOF  (fluid-filled).  The  assuned  loss 
factor  used  for  both  analyses  was  0.02,  independent  of  frequency. 

The  response  predictions  for  this  system  are  shown  in  Figures  7  and  8.  Since 
the  same  pipe  size  is  used  as  in  the  planar  system,  the  lowest  n=2  dry  lobar  mode 
occurs  at  the  sane  frequency,  1066  Hz.  This  pipe,  however,  is  filled  with  water 
rather  than  oil,  so  the  lowest  fluid-filled  n=2  lobar  frequency  i3  slightly  lower: 
867  Hz. 


100  iooo  10000 

Frequency,  Hz 


Figure  7  -  Acceleration  Response  of  Non-Planar  Piping  System: 

Drive  Point  Accelerance 
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Figure  8  -  Acceleration  Response  of  Non-Planar  Piping  System: 
Transfer  Point  Accelerance 


The  flexibility  factors  for  the  90-degree  elbows  in  the  beam  model  were  esti¬ 
mated  from  the  tables  published  by  Quezon  and  Everstine  (Ref.  14)  for  90-degree 
elbows  with  various  lengths  of  pipe  extension.  The  flexibility  factors  for  the 
45-degree  elbow  in  this  system  were  estimated  from  similar  tables  now  being  compiled 
for  45-degree  elbows.  (These  tables  will  be  published  soon.)  The  flexibility 
factors  used  in  this  beam  analysis  are  listed  in  the  second  and  third  colunns  of 
Table  2. 

As  seen  in  Figures  7  and  8,  the  two  analyses  (beam  and  i~D)  are  in  very  close 
agreement  up  to  about  550  Hz,  which  is  about  63%  of  the  lowest  n=2  fluid-filled  lobar 
mode  (867  Hz)  of  the  pipe.  This  agreement  indicates  that  the  beam  model  is  a  valid 
model  for  low  frequencies . 


SENSITIVITY  OF  RESPONSE  TO  FLEXIBILITY  FACTORS 


Here  we  use  the  beam  model  of  the  non-planar  piping  system  to  determine  the 
effects  of  errors  in  the  flexibility  factors  used  in  the  analysis.  As  we  indicated 
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TABLE  2  -  FLEXIBILITY  FACTORS  FOR  NON-PLANAR  PIPING  SYSTEM 


ELBOW 

FLEXIBILITY  FACTORS 

BASED 

ON  REF.  14 

ELBOW 

PROGRAM  [173 

EFFECT 

IGNORED 

INPLANE 

OUT -CF -PLANE 

1  (90-deg.  SR) 

5.0 

2.  8 

7.8 

1.0 

2  (90-deg.  SR) 

5.4 

2.8 

7.8 

1.0 

3  (45-deg.  LR) 

4.2 

3.7 

5.2 

1.0 

in  the  preceding  section,  the  flexibility  factors  used  were  based  on  tables  for  90- 
degree  elbows  published  by  Qjezon  and  Everstine  (Ref.  14)  and  other  (as  yet)  unpub¬ 
lished  tables  for  45-degree  elbows  with  various  lengths  of  straight  pipe  extensions. 
Because  the  low  frequency  beam  results  using  these  factors  agree  well  with  the  3-D 
model  results  in  Figures  7  and  8,  these  flexibility  factors  are  considered  reasonably 
accurate . 

For  comparison  purposes,  analyses  were  also  made  using  two  other  sets  'f  flexi¬ 
bility  factors.  The  first  set  was  that  calculated  by  the  ELBOW  computer  prrrram 
(Ref.  17).  ELBCW  is  probably  typical  of  the  idealized  approaches  used  by  piping  de¬ 
signers.  ELBOW'S  flexibility  factors  are  in  close  agreement  (Ref.  17)  with  the 
current  ASME  code  (Ref.  30),  which,  for  zero  internal  static  pressure,  uses  the 
relation 


k  =  1.65  r2/tR 


(12) 


where  k  is  the  flexibility  factor,  r  is  the  mean  radius,  t  is  the  wall  thickness,  and 
R  is  the  bend  radius.  The  ELBCW  program  flexibility  factors  are  listed  in  column  4 
of  Table  2. 

Hie  second  additional  set  of  flexibility  factors  used  for  an  analysis  was 
obtained  merely  by  setting  k  =  1.0  for  all  factors.  This  analysis  would  show  the 
consequences  of  ignoring  the  flexibility  factor  effect  entirely. 

The  response  predictions  for  all  three  sets  of  flexibility  factors  are  shown  in 
Figure  9,  in  which  the  drive  point  acceleranoes  (the  ratio  of  acceleration  to  force) 
are  plotted  over  the  frequency  range  100  Hz  to  1000  Hz  (the  low  frequency  regime). 
Figure  9  clearly  indicates  the  importance  of  using  accurate  flexibility  factors  in 
the  analysis. 


DISCUSSION  AND  CONCLUSIONS 


We  have  described  two  different  finite  element  modeling  procedures  for  predict¬ 
ing  the  dynamic  response  of  general  3-D  fluid-filled  elastic  piping  systems.  The 
beam  model,  a  low  frequency  procedure,  was,  for  the  non-planar  system  considered, 


Figure  9  -  Sensitively  of  Non  °lan;i.'  Piping  System  Response  to  Flexibility  Factor 


v  P.lll  for  frequencies  up  to  about  6 3?  ol  the  lowest  fluid-filled  lobas  (n-2)  pipe 
mode.  For  frequencies  between  that  and  "> 00%  of  the  n=2  rrcde ,  the  general  finite 
elrment  modeling  procedure  describea  could  bo  us„1.  For  still  higher  frequencies, 
where  the  modal  density  is  hig.i,  the  f in’ te  element  approach  regains  theoretically 
valid,  but  the  analyst  is  probobl1'  wider  to  use  statistical  energy  ^nalys^s  (S. E.A.) 
techniques  (Ref.  31)  instead.  The  S.E.A.  techniques  are  particularly  well  suited  to 
the  high  modal  densi;y  regime. 

It  was  shown  that  the  accuracy  of  team  aialyses  of  piping  systems  depends 
strongly  on  the  accuracy  of  the  flexibility  factors  used.  Such  factors  are  not 
required  in  the  3-D  finite  element  model  cinoe  they  are  implicit  in  a  shell  model  of 
the  pipe. 

Finally,  the  beam  analyses  presented  here  used  straight  beams  to  model  tne  bendo 
(elbows).  It  would  clearly  be  preferable  to  use  inste=>d  curved  beam  elements,  if 
available . 
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PROPAGATING  PLANE  HARMONIC  WAVES  THROUGH  FINITE  LENGTH  PLATES 


OF  VARIABLE  THICKNESS  USING  FINITE  ELEMENT  TECHNIQUES 


J.  H.  Clark,  A.  J.  Kalinowski,  C.  A.  Wagner 

NAVAL  UNDERWATER  SYSTEMS  CENTER 
NEW  LONDON,  CONNECTICUT  06320 


SUMMARY 

Closed  form  solutions  exist  in  the  literature  for  propagating  plane  har¬ 
monic  waves  through  infinitely  long  uniformly  thick  plates  which  are  immersed 
in  fluids.  These  solutions  fail  to  account  for  the  edge  effects  present  in 
finite  length  plates  and  address  only  plates  of  uniform  thickness.  This  paper 
presents  an  analysis  using  finite  element  techniques  which  addresses  the  prop¬ 
agation  of  a  uniform  incident  pressure  wave  through  a  finite  diameter  axi symme¬ 
tric  tapered  plate  immersed  in  a  fluid.  The  approach  utilized  in  developing  a 
finite  element  solution  to  this  problem  is  based  upon  a  technique  for  axi symme¬ 
tric  fluid  structure  interaction  problems  presented  in  the  Tenth  NASTRAN  Con¬ 
ference  (ref.  1). 

The  problem  addressed  in  this  paper  is  that  of  a  10  inch  diameter  axi sym¬ 
metric  fixed  plate  totally  immersed  in  a  fluid.  The  plate  increases  in  thick¬ 
ness  from  approximately  0.01  inches  thick  at  the  center  to  0.421  inches  thick 
at  a  radius  of  5  inches.  Against  each  face  of  the  tapered  plate  a  cylindrical 
fluid  volume  has  been  represented  extending  five  wavelengths  off  the  plate  in 
the  axial  directon.  The  outer  boundary  of  the  fluid  and  plate  regions  have 
been  represented  as  a  rigid  encasement  cylinder  as  was  nearly  the  case  in  the 
physical  problem. 

The  primary  objective  of  the  analysis  is  to  determine  the  form  of  the 
transmitted  pressure  distribution  on  the  downstream  side  of  the  plate.  A 
secondary  purpose  is  to  demonstrate  the  feasibility  of  employing  the  ref.  1 
fluid-structure  interaction  technique  on  a  large  D.O.F.  problem,  and  in  fact 
running  this  large  problem  uncovered  a  basic  error  in  the  NASTRAN  coding  for  32 
bit  machines  (e.g.,  VAX  or  IBM  360,  370,  or  3033)  when  employing  MPC  or  DMIG 
cards.  These  errors  could  impact  any  rigid  format. 

The  finite  element  model  used  consists  of  7455  nodes  comprising  7191  axi- 
symmetric  ring  elements.  Both  the  fluid  and  the  plate  structure  have  been 
represented  using  axi symmetric  CTRAPAX  and  CTRIAAX  elements.  The  fluid  (sea¬ 
water)  elements  and  structure  (plate)  elements  are  linked  together  along  their 
boundary  by  utilizing  a  duplicate  set  of  nodes  and  a  direct  matrix  insertion 
capability  within  NASTRAN.  This  enables  the  incorporation  of  the  stiffness  and 
mass  coupling  terms  in  the  stiffness  and  mass  matrices  respectively. 

The  plate  is  loaded  with  a  uniform  harmonic  pressure  wave  (f  =  100,000  Hz) 
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which  propagates  axially  through  the  incident  side  fluid,  into  the  plate,  and 
then  out  into  the  transmitted  side  fluid. 

Presented  results  consist  or  plots  of  pressure  along  both  the  incident  and 
transmitted  surfaces  of  the  tapered  plate.  In  addition,  pressure  and  phase 
contours  throughout  the  modeled  fluids  are  presented. 


SYMBOLS 

Values  are  given  in  both  SI  and  U.S.  Customary  Units.  The  measurements 
and  calculations  were  made  in  U.S.  Customary  Units. 

AA  =  associated  area  (eq.  (1)) 

c  =  value  of  term  entered  on  diagonal  of  damping  matrix 

c.f  =  sound  wave  velocity  in  fluid 

f  =  frequency  of  propagating  wave 

kf  =  bulk  modulus  of  the  acoustic  fluid 

nr  =  normal  to  a  surface  in  radial  direction 

nz  =  normal  to  a  surface  in  axial  direction 

Uz  =  displacement  in  axial  direction 

Pf  =  mass  density  of  acoustic  fluid 


INTRODUCTION 

Sternberg,  et  al.,  (ref.  2)  have  experimentally  demonstrated  the  frequency 
independent  characteristics  of  acoustic  filter  plates  with  regards  to  beamform¬ 
ing  characteristics.  Mathematical  approaches  have  been  undertaken  to  analyti¬ 
cally  account  for  this  phenomena  with  varying  degrees  of  success.  The  objec¬ 
tive  of  this  project  was  to  utilize  the  finite  element  method  to  model  the 
transmission  of  a  plane  harmonic  wave  through  a  filter  plate  of  variable  thick¬ 
ness  immersed  in  sea  water.  This  filter  plate  effect,  if  used  in  conjunction 
with  an  acoustic  lens,  develops  beams  which  are  independent  of  frequency  and  of 
constant  width.  A  typical  configuration  is  shown  in  Figure  1  and  has  been 
experimentally  tested. 

The  analysis  presented  accounts  for  the  rigid  containment  cylinder,  the 
tapered  circular  steel  filter  plate,  the  transmission  side  fluid  inside  the 
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containment  cylinder  and  the  incident  side  fluid  which  theoretically  extends  to 
infinity.  The  rubber  acoustic  lens  discussed  briefly  above  has  been  excluded 
from  this  analysis  in  order  to  isolate  the  effects  of  the  filter  plate. 

Since  the  actual  structure  is  axi symmetric  the  finite  element  model  uti¬ 
lized  is  also  axi symmetri c .  The  filter  plate  has  been  analyzed  by  using  the 
displacement  method  within  NASTRAN.  The  fluid  has  been  modeled  in  accordance 
with  an  axi symmetric  pressure  analogy  (ref.  M .  The  driving  force  consists  of 
a  plane  harmonic  wave  at  100  kHz  at  normal  incidence  to  the  steel  plate.  Pres¬ 
sure  and  phase  distributions  throughout  the  incident  and  transmitted  fluid 
volumes  are  to  be  computed.  To  enhance  the  presentation  of  the  rather  exten¬ 
sive  pressure  and  phase  data,  pressure  and  phase  contours  throughout  the 
internal  and  external  fluid  have  been  presented.  In  addition,  plots  of  pres¬ 
sure  along  the  incident  and  transmitted  surfaces  of  the  filter  plate  are 
presented. 


Model  Development 

As  detailed  in  ref.  1  the  development  of  a  finite  element  model  for  any 
axisymmetric  fluid  structure  interaction  problem  requires  several  steps.  For 
large  degree  of  freedom  problems  model  sizing,  element  sizing,  and  element 
selection  are  reasonably  straightforward,  however,  they  must  be  addressed  cau¬ 
tiously  in  order  to  avoid  both  technical  misjudgments  and  excessive  computer 
cost. 


I.  Sizing.  The  particular  piece  of  hardware  modeled  is  well  defined.  As 
shown  in  Figure  2  the  encasement  cylinder  is  5"  (12.7  cm)  in  length  and  0.5" 
(1.27  cm)  thick.  The  filter  plate  is  10"  (25.4  cm)  in  diameter  and  tapers  from 
.08"  (0.203  cm)  at  the  center  to  0.421"  (1.06  cm)  at  a  4"  (10.16  cm)  radius. 
The  location  of  the  driving  surface  is  2.5"  (6.35  cm)  away  from  the  filter 
plate  surface  and  at  the  end  of  the  containment  cylinder.  The  area  between  the 
filter  plate  and  driving  surface  is  fluid  filled.  On  the  downstream  side  the 
modeled  fluid  extends  to  the  end  of  the  containment  cylinder.  The  fluid  within 
the  containment  cylinder  extends  4  wavelengths  off  the  plate. 

The  important  aspect  relating  to  element  sizing  for  steady  state  fluid 
structure  interaction  problems  is  that  the  distribution  of  nodes  throughout  the 
model  be  such  that  plane  harmonic  waves  at  the  frequency  of  interest  can  ade¬ 
quately  be  described.  As  developed  in  ref.  3  adequate  representation  of  the 
pressure  waves  is  ensured  by  using  ten  nodes  per  wavelength  or  in  this  case 
where  f  =  100  kHz  the  node  spacing  becomes  0.06"  (0.152  cm).  This  is  based 
upon  a  wave  propagation  velocity  in  seawater  of  60000  in/sec  (152400  cm/sec). 
With  node  spacings  this  small  and  a  model  geometry  as  described  above,  the  num¬ 
ber  of  degrees  of  freedom  approaches  the  limits  of  COSMIC  NASTRAN  on  the  VAX 
11/780. 

Since  an  axisymmetric  pressure  analogy  solution  has  been  invoked  for  the 
fluid  elements,  the  selection  of  mating  element  type  is  limited.  Several  axi¬ 
symmetric  elements  exist  within  COSMIC  NASTRAN,  however,  previous  success  with 
CTRAPAX  and  CTRIAAX  elements  determined  selection.  These  elements  have  been 
used  to  represent  both  the  fluid  and  filter  plate.  As  will  be  discussed  in  the 
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next  section,  the  containment  cylinder  and  driving  surfaces  are  represented  as 
boundary  or  load  conditions.  The  finite  element  model  developed  according  to 
the  above  discussion  is  shown  in  Figure  3. 


II.  Boundary  Condition.  The  boundary  condition  addressed  next  is  the 
coupling  of  the  fluid  elements  (modeled  within  an  axisymmetric  pressure 
analogy)  to  the  structure  elements  (modeled  within  the  displacement  method). 
This  coupling  when  using  axisymmetric  elements  requires  duplicate  nodes  along 
any  fluid  structure  boundary.  These  duplicate  nodes  are  then  utilized  in 
formulating  the  off  diagonal  coupling  terms  within  both  the  mass  and  stiffness 
matrices  for  each  of  the  elements  involved.  The  details  of  the  coupling  pr¬ 
ocedure  are  given  in  ref.  1  and  are  not  repeated  here. 

The  mass  terms  are  given  as,  -  AW  kf  n^  and  -  AW  nz  (1) 

and  stiffness  terms  are  given  as,  AA  n^  and  aA  nz 

The  physical  nature  of  the  filter  plate  hardware  enables  representation  of 
the  cylindrical  containment  cylinder  as  a  rigid  outer  fluid  boundary  condition, 
and  is  expressed  as 


where  p  is  the  fluid  pressure. 

This  boundary  condition  is  implemented  within  the  pressure  analogy  by 
freeing  all  constraints  along  the  containment  cylinder/fluid  interface  (i.e., 
no  surface  tractions). 


The  external  fluid  boundary  is  terminated  with  fluid  dampers  in  such  a  way 
that  the  fluid  appears  to  extend  to  mathematical  infinity.  Since  NASTRAN  does 
not  contain  any  axisymmetric  dashpot  elements,  this  effect  was  developed  using 
a  direct  matrix  insertion  technique  similar  to  that  required  along  the  fluid/ 
structure  boundary.  To  each  node  along  the  fluid  boundary  the  magnitude  of  the 
lumped  damping  term  to  be  inserted  in  the  damping  matrix  is  given  as 

AAbkf 
c  = - 

Cf 

As  with  the  stiffness  and  mass  terms  described  previously,  the  location  of  the 
damping  term  within  the  damping  matrix  is  developed  in  ref.  1. 


III.  Loading.  Plane  harmonic  pressure  waves  will  be  the  predominant  load 
type  seen  by  the  filter  plate.  The  plane  harmonic  wave  utilized  in  this  prob¬ 
lem  is  at  a  frequency  of  100  kHz  and  has  a  magnitude  of  1  psi  (6895  P  ).  This 
wave  emanates  from  the  outer  fluid  boundary  parallel  to  the  flat  metal  surface 
and  impinges  on  the  filter  plate  at  normal  incidence.  The  boundary  conditions 
and  loading  scheme  are  shown  in  Figure  3. 
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DISCUSSION 


Initial  attempts  to  execute  NASTRAN  and  develop  solutions  for  the  pressure 
field  resulting  from  the  tapered  filter  plate  were  unsuccessful.  Several  out 
of  the  ordinary  problems  were  encountered  while  making  these  initial  checkout 
computer  runs.  The  first  of  these  relates  to  the  use  of  the  DMIG  card  or  MPC 
card  option  with  larger  problems  on  a  32  bit  machine  (in  this  case  the  VAX 
11/780). 

After  considerable  time  and  expense,  it  was  discovered  that  the  problem 
arises  when  a  model  has  a  large  numbeKpOf  nodes  such  that  the  combined  row  and 
column  internal  node  number  exceeds  (the  32  bit  word  can  no  longer  repre¬ 
sent  an  unsigned  integer  of  this  size).  As  a  result  when  NASTRAN  attempts  to 
order  the  list  of  row  and  column  ID's  in  a  monitonically  increasing  order,  the 
large  internal  node  numbers  actually  appear  as  smaller  negative  numbers  because 
the  sorting  routine  processes  the  32nd  bit  as  a  plus  or  minus  sign.  As  a 
result  the  DMIG  card  coupling  terms  were  arbitrarily  associated  with  a  node 
elsewhere  in  the  matrix  thus  voiding  the  coupling  effect.  Coding  changes  were 
suggested  by  RPK  Corporation  and  ultimately  corrected  this  error.  The  coding 
change  alters  the  internal  node  sorting  routine  in  such  a  way  that  the  32nd  bit 
is  read  as  part  of  the  node  number  and  not  as  a  plus  (+)  or  minus  (-)  sign. 
Subsequent  runs  demonstrated  proper  placement  of  the  DMIG  card  coupling  terms. 

The  second,  less  serious  problem  encountered  relates  to  the  mass  distribu¬ 
tion  for  elements  which  are  very  close  to  the  centerline. 

NASTRAN  calculates  the  lumped  mass  of  any  axi symmetric  element  by  first  determin 
ing  the  centroid  of  the  elements  nodes.  This  radius  is  then  used  to  determine 
the  circumference  of  the  ring  element.  Knowing  the  length  and  height  of  the 
element  then  enables  a  determination  of  the  area  and  therefore  mass  of  the 
entire  ring  element.  This  mass  is  allocated  equally  to  each  of  the  four  nodes 
comprising  the  elements  connectivity.  For  large  radii  this  allocation  scheme 
is  very  accurate,  however,  when  the  radius  to  the  centroid  of  the  element  is 
less  than  five  times  the  node  spacing  significant  errors  result  (as  much  as 
40%).  This  error  has  been  corrected  by  using  the  elements  outer  and  inner 
radii  to  calculate  ring  areas  relative  to  the  centroidal  radius.  This  divides 
each  ring  element  into  an  outer  annulus  and  an  inner  annulus.  The  mass  of  the 
outer  annulus  is  allocated  to  the  two  outer  annulus  nodes.  The  mass  of  the 
inner  annulus  is  allocated  to  the  two  inner  nodes.  The  FORTRAN  coding  changes 
made  to  the  TRAPAD  and  TRIAAD  subroutine  in  NASTRAN  are  shown  in  Figures  4  and 
5.  The  lines  that  have  changes  are  mainly  in  the  lines  without  the  column 
73-80  card  number  designators. 


RESULTS 

The  NASTRAN  solution  to  a  steady  state  fluid  structure  interaction  problem 
consists  of  the  pressure  and  phase  distribution  throughout  the  fluid.  For  very 
large  problems  this  data  is  cumbersome  to  interpret,  consequently  two  data  pre- 
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sentations  have  been  developed.  The  first  consists  of  a  plot  of  the  pressure 
along  the  upstream  and  downstream  sides  of  the  tapered  metal  plate.  This  data 
shown  in  Figures  6  and  7  show  several  areas  of  higher  pressure  transmi  .ion 
through  the  tapered  plate.  The  major  peak  to  peak  fluxuations  along  the  plate 
surface  in  the  pressure  plots  correlate  with  the  submerged  plate  flexure  wave¬ 
lengths  existing  in  a  constant- thickness  submerged  plate  whose  thickness  is  the 
average  type  thickness. 

A  finer  mesh  distribution  radially  along  the  centerline  is  needed  in  order 
to  properly  model  the  stiffness  in  the  plate  and  thus  pick  up  the  transmitted 
pressure.  This  is  why  the  transmitted  and  incident  pressures  are  too  large  at 
the  centerline.  Subsequent  runs  with  a  fluid  plate  (field  solution  is  known) 
demonstrated  that  this  error  near  the  centerline  was  localized  to  two  or  three 
el ements. 

A  second  and,  in  this  case,  more  useful  presentation  of  this  data  is  a 
color  graphics  format  of  pressure  and  phase  contours.  Pressure  contours  are 
shown  in  Figure  8.  A  noticeable  effect  depicted  by  these  pressure  contours  is 
the  redirection  or  focusing  of  the  pressure  towards  the  centerline.  Equally 
important,  the  appearance  of  annular  regions  of  increased  energy  transmission 
are  evident.  There  are  regions  where  more  energy  transmits  through  the  plate 
than  in  similar  neighboring  regions.  The  phase  contour  shown  in  Figure  9  is 
evidence  of  the  transmission  of  an  actual  plane  wave  from  the  driving  boundary 
through  the  incident  side  fluid.  The  bands  of  constant  and  repeating  phase 
angles  verify  this  plane  wave.  The  discontinuities  in  the  phase  contours  in 
the  downstream  fluid  correlate  with  certain  redirected  pressure  contours  evi¬ 
dent  in  Figure  8.  These  acoustic  characteristics  of  filter  plates,  while 
experimentally  verified,  have  not  been  readily  predictable.  The  technique 
utilized  here  establishes  a  reasonable  prediction  capability.  The  development 
of  a  predictive  capability  for  both  the  redirection  of  the  pressure  field  and 
the  regions  of  higher  energy  transmission  were  objectives  of  this  effort. 
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FIGURE  6  THE  PRESSURE  DISTRIBUTION  AS  A  FUNCTION'  OF  RADIUS  ALONG  WE  INCIDENT  FACE 
OF  THE  TAPERED  FILTER  PLATE 
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RADIUS  !N  INCHES 

FIGURE  7  THE  PRESSURE  DISTRIBUTION  AS  A  FUNCTION  OF  RADIUS  ALONG  THE  TRANSMUTED 
FACE  OF  THE  TAPERED  FILTER  PLATE 
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FIGUXS  8  COLOR  CONTOUR  .  OF  THE  PRESSURE  DISTRIBUTION  THROUGHOUT  THE  TAPERED  FILTER 
PLATE  MODEL 
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FIGURE  3  COLOR  CONTOURS  OF  THE  PHASE  DISTRIBUTION  THROUGHOUT  THE  TAPERED  FILTER 
PLATE  MODEL 


PROPAGATION  OF  FLEXURAL  AND  MEMBRANE  WAVES 
WITH  FLUID  LOADED  NASTRAN  PLATE  AND  SHELL  ELEMENTS 


A.  J.  Kalinowski  and  C.  A.  Wagner 

NAVAL  UNDERWATER  SYSTEMS  CENTER 
NEW  LONDON,  CONNECTICUT  06320 


SUMMARY 

This  paper  is  concerned  with  modeling  flexural  and  membrane  type  waves 
existing  in  various  submerged  (or  in  vacuo)  plate  and/or  shell  finite  element 
models  that  are  excited  with  steady  state  type,  harmonic  loadings  proportioned 
to  ei“t.  Only  thin  walled  plates  and  shells  are  treated  wherein  rotary  inertia 
and  shear  correction  factors  are  not  included.  More  specifically,  the  issue  of 
determining  the  shell  or  plate  mesh  size  needed  to  represent  the  spatial  dis¬ 
tribution  of  the  plate  or  shell  response  is  of  prime  importance  towards  suc¬ 
cessfully  representing  the  solution  to  the  problem  at  hand.  To  this  end,  a 
procedure  is  presented  for  establishing  guide  lines  for  determining  the  mesh 
size  based  on  a  simple  test  model  that  can  be  used  for  a  variety  of  plate  and 
shell  configurations  such  as,  (1)  cylindrical  shells  with  water  loading,  (2) 
cylindrical  shells  in  vacuo,  (3)  plates  with  water  loading,  and  (4)  plates  in 
vacuo.  The  procedure  for  doing  these  four  cases  is  given,  with  specific  numer¬ 
ical  examples  present  only  for  the  cylindrical  shell  case. 


INTRODUCTION 


This  paper  addresses  the  topic  of  modeling  flexural  waves  and  membrane 
waves  present  in  various  types  of  shell  and  plate  type  structural  configura¬ 
tions.  The  issue  at  hand  is  arriving  at  a  simple  procedure  for  determining  a 
mesh  size  adequate  to  represent  the  details  of  the  spatial  response  distribu¬ 
tions  necessary  to  achieve  some  desired  level  of  accuracy.  To  be  sure,  it 
would  be  too  large  an  undertaking  to  answer  this  question  for  all  possible 
plate  and  shell  configurations  that  may  arise,  however,  the  selected  class  of 
thin  walled  cylindrical  shells  and  flat  plates  are  often  the  major  building 
blocks  of  a  good  deal  of  structures.  Therefore,  the  paper  will  focus  on  these 
two  configurations,  with  the  major  emphasis  on  the  cylindrical  shell  employing 
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length  dimensions  exhibit  solution  responses  that  often  have  the  form  of 
standing  wave  patterns  as  a  result  of  reflections  from  the  shell  boundaries. 
Further,  these  solutions  do  not  have  a  single  clearly  defined  constant  ampli¬ 
tude  traveling  wave  component  as  one  would  have,  in  say,  an  infinitely  long 
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shell  or  plate.  A  constant  amplitude  traveling  wave  (propagating  in  the  x 
direction  at  frequency  w)  response,  R,  of  the  form  R  =  R^1  v-Yx-hut)  -js  a  desir¬ 
able  form  to  seek  because  the  constant  amplitude  Rq  and  associated  spatial  wave 
length  =  2ir/y  can  then  be  used  as  a  measure  for  determining  the  ability  of  a 
particular  element  to  represent  the  desired  wave  propagation  phenomenon.  Devi¬ 
ations  of  the  finite  element  amplitude  response  from  the  exact  response  con¬ 
stant  R  and/or  deviatons  of  the  finite  element  response  phase  angle  period 
from  the  exact  spatial  period  can  be  used  to  judge  the  mesh  refinement  neces¬ 
sary  to  achieve  a  desired  level  of  accuracy.  The  thrust  of  this  paper  is  not 
to  give  a  hard  and  fast  rule  for  the  number  of  elements  per  wavelength  neces¬ 
sary  to  achieve  some  desired  level  of  accuracy,  but  rather  to  provide  a  proce¬ 
dure  for  allowing  one  to  establish  his  own  level  of  accuracy.  We  take  this 
approach  because  rules  of  thumb  are  often  dangerous,  particularly  in  the  area 
of  wave  propagation  in  plate  and  shell  structures.  There  are  cases,  for  exam¬ 
ple,  in  a  plate  or  cylindrical  shell  where  a  cutoff  point  exists  such  that  the 
particular  problem  parameters  (geometry,  frequency,  and  physical  constants) 
result  in  a  situation  where  there  is  no  traveling  wave.  If  the  problem  param¬ 
eters  happen  to  be  such  that  the  traveling  wave  root  is  close  to  the  cut-off 
point,  a  finer  mesh  size  might  be  needed  to  properly  represent  the  propagating 
wave  situation. 

The  symmetrically  loaded  (e  independent  loading)  infinitely  long  cylinder 
shell  (with  or  without  fluid  external  fluid  present)  is  selected  as  the  model 
for  examining  flexural  and  membrane  traveling  waves  (see  Figure  1).  This  same 
model  can  be  used  to  treat  all  four  plate  and  shell  cases  (with  and  without 
water)  discussed  above.  The  plate  cases  can  be  realized  by  letting  a  00  and 
the  in  vacuo  cases  achieved  by  setting  the  density  of  the  fluid  equal  to  zero. 


SYMBOLS 


a 

c 


c 


s 


S' 


f 


radius  of  cylindrical  shell  (in) 

fluid  sound  speed  (in/sec) 

shear  velocity  =  n/G/ps'  psi 

in  vacuo  plate  wave  speed,  ^E/(p  (1-v2))'  (in/ sec) 

propagating  wave  phase  velocity,  w/y 

in  vacuo  plate  wave  speed,  hp^/D  (in/ sec) 

plate  modulus  =  Eh3/[12  (1  -v2)]  of  rigidity  (Ib/in) 

harmonic  frequency  (Hz) 

shear  modulus  of  elasticity  (psi) 

Hankel  Bessel  functions  of  the  first  kind  order  0  and  1 
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h 

i 


K0( );  KjO 
k 


k 


P 

L 


Nz 

P 

Q 


r 


t 


o 

w 


"0 

X 


z 

X 

Y 

Y 

Yr 

*1 

P 


P 


s 


V 


plate  or  shell  thickness  (in) 
nTT'  complex  number 

modified  Bessel  functions  of  order  0  and  1 
w/c  acoustic  wave  number  (in“l) 
w/c^  in  vacuo  plate  wave  number  (in-1) 
to/Cp  in  vacuo  plate  wave  number  (in-1) 

finite  element  model  length  (in) 
shell  line  moment  (lb/ in/in) 
axial  line  membrane  force  (lb/in) 
fluid  pressure  (psi) 

transverse  shell  line  shear  force  (lb/in) 

radial  cylindrical  coordinate  (in) 

time  variable  (sec) 

axial  motion  of  plate  or  shell  (in) 

amplitude  of  u  (in) 

radial  motion  of  plate  or  shell  (in) 

amplitude  of  w  (in) 

plate  coordinate  direction  normal  to  plate  (in) 

axial  cylindrical  coordinate  variable  (in) 

wavelength  of  propagating  wave 

traveling  wave  number  for  z  direction  (in-1) 

real  part  of  y 

imaginary  part  of  y 

mass  density  of  fluid  (lb/sec2  in~4) 

mass  density  of structure  ( 1 b/sec2  in-4) 

Poisson's  ratio  of  structure 
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FIGURE  2.  DEFORMATION  AND  EDGE  LOAD  NOTATION 
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w  =  2nf  =  harmonic  frequency  (rad/sec) 


ANALYTICAL  WAVELENGTH  FORMULATION  FOR 
PLATES  AND  CYLINDRICAL  SHELLS 

The  analytical  formulation  employed  for  determining  the  exact  relationship 
for  freely  propagating  waves  in  plate  and  cylindrical  shell  structures  is 
important  for  its  own  sake,  however,  the  formulation  also  directly  leads  to  the 
procedure  employed  to  set  up  the  NASTRAN  wavelength  accuracy  demonstration 
models.  Consequently,  some  of  the  important  details  of  the  development  for  the 
freely  propagating  wave  characteristics  equation  are  given.  The  procedure 
given  will  closely  follow  the  one  given  in  ref.  2,  except  that  freely  propagat¬ 
ing  rather  than  standing  wave  configurations  are  considered  by  changing  the 
axial  variation  as  a  complex  exponential  variation  in  z  rather  than  a  cosine 
variation. 


Of  eventual  interest  is  both  the  flexural  wave  and  axial  (membrane)  wave¬ 
lengths  for  plates  (with  and  without  water  present)  and  for  infinitely  long 
cylindrical  shells  (with  and  without  water  present).  This  constitutes  2  x  2  x 
2  =  8  different  situations.  However,  we  can  treat  the  eight  cases  at  the  same 
time  by  first  treating  the  most  complex  case  of  the  submerged  infinitely  cylin¬ 
drical  shell.  By  taking  appropriate  limits  of  this  case  (i.e.,  water  density 
->-0.or  shell  radius  -»-«>)  we  can  recover  the  other  cases  of  interest  without 
requiring  any  new  analyses. 


We  start  with  the  governing  simplified  thin  wall  shell  field  equations  for 
the  cylindrical  shell  (ref.  1)  and  corresponding  wave  equation  for  the  external 
fluid,  namely 


. 

V 

3W 

32u 

1  .  0 

3?r  + 

a 

3z 

"  dW  * 

CP 

v  3u 
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,  h2  34w 

,  32w 

a  3z 
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a2' 

^  TZdz^ 

+  FF 

V2p  - 

1  3: 
c7r  ¥■ 

P|  *  (1-v2)/ (Eh) 
r=a 


(1) 

(2) 


subject  to  the  usual  boundary  condition  relation  relating  the  pressure  gradient 
normal  to  the  shell  and  the  shell  acceleration, 


3p  _  32w 

3r  “p  TF 
r=a 


(3) 


where  u,  w  are  the  axial,  and  radial  displacements  of  the  shell  (see  Figure  2a 


for  positive  sense);  p  is  the  pressure  in  the  fluid;  h  the  shell  thickness;  a 
the  radius  of  the  cylindrical  shell;  r,  z  are  the  radial  axial  cylindrical 
coordinates;  E,v  are  Young's  modulus  and  Poisson's  ratio  of  the  shell;  cp  is 
the  plate  wave  speed  parameter  (  ^E/(ps(l -v2))  ’);  and  c  is  the  acoustic  Wave 
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speed  of  the  fluid.  The  shell  equations  (1)  are  for  classical  thin  wall  plate 
and  shell  theory  and  do  not  have  rotary  inertia  and  shear  correction  factors 
included.  Consequently,  the  area  of  interest  focused  on  herein  will  be  in  a 
frequency  range  of  w  such  that  the  above  two  methods  correction  factors  are  not 
necessary.  This  point  will  be  expanded  upon  later  in  the  paper. 

The  0  symmetrical  shell  motion  representing  propagating  waves  in  the  +z 
direction  are  assumed  to  take  the  form 

u  =  U  e^Y2 
o 

v  =  0  (no  hoop  motion)  (4) 

w  =  WQ  e1^2  e"^ 

where  and  W0  are  the  yet  to  be  determined  wave  amplitudes,  and  y  is  the 
propagating  wave  number.  For  outward  going  waves,  the  form  of  the  pressure 
solution  identically  satisfying  the  wave  equation  (2)  is  given  by  ref.  2, 

p(r,z)  =  PQ  H^(r  \lk2-y2  ')eiyz  e“ia)t  (5) 

which  can  be  easily  verified  by  direct  substitution  of  equation  (5)  into  equa¬ 
tion  (2),  where  P0  is  the  yet  unknown  pressure  amplitude,  and  Htf)(  )  is  the 
Hankel/vf unction  of  the  first  kind  of  order  zero.  A  similar  expression  for  p 
with  Hg  (  )  (Hankel  functions  of  the  second  kind)  also  satisfies  the  wave  equa¬ 
tion,  but  represents  inward  coming  waves  (when  k2  >  y2)  or  results  in  an  ever 
increasing  exponential  increasing  pressure  field  with  increasing  r  when  k2  <  y2„ 
Neither  of  these  situations  corresponds  to  the  physical  problem  at  hand,  thus 
only  the  Hankel  function  of  the  first  kind  is  retained. 


The  characteristic  equation  resulting  in  an  interaction  equation  relating 
the  driving  frequency  wand  admissible  propagating  wave  numbers,  y,  is  obtained 
by  substituting  equations  (4)  and  (5)  into  equation  (1),  subject  to  the  bound¬ 
ary  condition  (3):  actually  substituting  equations  (4)  and  (5)  into  condition 
(3)  leads  to  the  relation  between  the  surface  motion  amplitude  WQ  and  the  pres¬ 
sure  amplitude  PQ,  namely  u 


Thus  the  resulting  two  linear  equations  in  the  WQ,  UQ  coefficients  is  given  by 


v(f-v2)  +  w„(-f)  =  ° 

V  (if) +  wo  [i? +  r  -  (w/cp)2 


(l-v2)pw2HW  (a  ^k2-y^) 
EhN/F^HW  (a'fkW') 


The  nontrivial  solution  is  obtained  by  setting  the  determinant  of  the 
amplitude  coefficients  equal  to  zero  resulting  in 


_  v 2 


FT  "  Y  TT 


for  k^  >  y2 


hr  +  Y4  -  (w/Cp)2  -  (l:y2W  H^ja^k2^2  '  J_1  +  /  vyN2  = 

P  EhN/"k2-Y2 '  H$aNJk2-y2i)  J 
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or  In  another  equivalent  form  of 


.f - ")  * 


L  *  y  -  Wc„)2  -  U-^lprfKnU^-k2.)]  +  / w  „  0 
'  17  P  Ehs/T^F"  ^a' 


for  y2  >  k2 


where  the  Kq()  and  Ki()  are  modified  Bessel  functions  and  are  related  to  the 
Hankel  functions  by  the  identity 

Kn  (X}  =  f  in+1  ^(iK)  I 

Noting  that  the  in  vacuo  flexural  wave  number,  kf  ,  formula  for  a  plate  is 
given  by  _  Tp 

v  =  tl  hpcw2  1  , 


and  the  in  vacuo  membrane  congressional  wave  number,  kp ,  given  by 

u  _  w  _  w 

l\  _  ’  ■■  T  - 

p  c 


and  finally  the  acoustic  wave  number  by 

k  - 1  in 

where  c  is  the  acoustic  wave  speed  of  the  fluid  medium;  the  characteristic 
equation  for  the  traveling  wave  number,  non-dimensional ized  with  respect  io  the 
acoustic  wave  number  k,  can  algebraically  be  rewritten  as 


.  v2 (y/k)2  _ 

+  TkaF  '  0 


(12a) 


(<kp/k)2-(V/k)2) 


For  (0  <  i 

J_  /i>\2 I,  (v/kr  ,  ^  (ka^)2-1  ‘  > _ ’ 

^Wj  ka4|rTK,(ka 


\N  /  / 


(12b) 


For  i)  >  1 
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The  original  dimensional  form  of  the  characteristic  equation  (7)  depended  on 
the  eight  parameters  h,  w,  E,  v>  p,  ps>  a,  c,  for  the  resulting  wave  number  y; 
however,  the  above  equation  (12)  fomronly  depends  on  the  reduced  number  of  5 
non-dimensional  parameters,  namely  kp/k  ,  ka,  p/ps,  a/h,  and  v  for  the  result¬ 
ing  non-dimensional  wave  numbers  y/k.  The  term  (kfp/k)  is  not  an  independent 
parameter  since  it  can  be  expressed  in  terms  of  the  other  ones  through  the 
relation 


-|E- =  (12)%  ^lkp/k)(f)/(ka')'  (13) 


Roots  of  Characteristic  Equation  and  Mode  Shapes 

The  roots  of  the  frequency  equation  (12)  cover  several  st  .  -s  c, 
require  further  elaboration.  The  roots  of  interest  for  free.y  uj.s.  »ti n*_ 
waves  are  those  for  which  y  =  y~  is  a  real  quantity,  wherein  the  s  el  ** 
has  arguments  (see  equation  (4 ) )  of  the  traveling  wave  form  u, 

corresponds  to  a  wave  propagating  in  the  +z  direction  e  corresp-r  -• 

wavelength  is  given  by 


Possibly,  roots  of  the  characteristic  equation  are  complex  ,  this  to. 

the  case  when  employing  equation  (12a)  due  to  the  complex  V. 

functions  Hp(  )  =  Jn(  )  +  i  Yn(  )).  In  these  situations,  the  Co,..,jipv 

be  written  in  the  form  y  =  yr  +  iy^  and  substitution  of  this  quan+ 

shell  response  .equation  (4),  shows  that  the  axial  z  response  is  prop* 

e1(Yr  1YiJz  =  e'Tr2  fYiz  .  Thus  the  solution  amplitude  would  either 

(Yi  >  0)  or  grow  indefinitely  (y-j  <  0)  with  z  according  to  the  sign  of  y-(,  The 

wavelength  of  the  reducing  (or  growing)  fluxuations  is  still  given  byxr=  2n/yr  „ 

The  case  of  interest  in  the  remainder  of  this  paper  is  the  one  for  which 
there  are  freely  propagating  waves  of  constant  amplitude.  This  situation  will 
result  when  { Y/k )2  >  i  wherein  the  modified  Bessel  functions  Kq  and  Ki  have 
real  arguments  and  consequently  equation  (12b)  usually  results  in  real  roots 
for  y.  The  situation  (Y/k) 2  >  l  implies  the  acoustic  wavelength  Xa  =  2-rr/k  is 
longer  than  the  propagating  wavelength,  Xr  =  2u/yr 

For  cylindrical  shells,  unlike  the  infinite  plate,  the  axial  membrane 
force  Nz,  will  also  result  in  a  radial  component  of  motion.  Consequently,  the 
axial  and  radial  motions  for  the  membrane  propagation  or  the  flexural  wave 
propagation  are  coupled.  In  fact,  the  same  characteristic  equation  (12b)  can 
be  used  to  determine  both  the  membrane  and  flexural  propagating  wave  numbers 
Yax>  Yfi »  Whether  a  given  root,Y  ,  corresponds  to  the  membrane  or  flexural  wave 
can  be  established  by  ex lining  the  mode  shape.  More  specifically,  the  ratio 
of  U0/W0  can  be  solved  i.om  either  of  the  two  homogenous  equations  (6);  upon 
substituting  the  root,  y,  into  say  the  first  of  equations  (6)  yields 
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relative  to  W0  can  be  established,  wherein  |Ub/%l  >>  1,0  implied  a  dominant 
axial  motion  hence  signifying  a  membrane  propagating  wave  and  |bb/%l  <<:  1*0 
implies  a  dominant  radial  motion  hence  signifying  a  flexural  propagating  wave. 


Limiting  Cases  of  General  Characteristic  Equation 

Several  limiting  cases  of  the  general  characteristic  equation  (12b)  not 
only  provide  useful  information  by  their  own  merit  (i.e.,  the  traveling  wave 
characteristic  equation  of  a  plate  in  fluid  or  air; or,  the  case  of  a  cylinder  in 
air)  but  at  the  same  time  provide  insight  with  regard  to  where  (i.e.,  the  range 
of  ( y/k ) )  to  search  for  the  root.  It  is  instructive  to  start  with  the  simplest 
case  of  an  infinite  flat  plate  in  vacuo  and  build  up  to  the  more  general  case 
of  a  submerged  infinite  cylinder. 

•  infinite  plate  in  vacuo 

This  situation  is  realized  by  taking  the  limit  as  the  fluid  to  structure 
mass  ratio  goes  to  zero,  p/ps  -»■  0,  and  as  che  non-dimensional  frequency  param¬ 
eters  ka  OT.  It  is  noted  that  ka  00  can  be  realized  by  having  the  radius 
a  ->  ~  at  a  finite  frequency  w  =  k/c.  Thus  equation  (12b)  reduces  to 

'kP  -  V’]  [l  -(f-)]  -  0  <16> 

which  by  inspection  has  the  roots 


Y  =  kp  and  y  =  kfp 

Substituting  y  =  kp  into  equations  (6)  shows  that 
i(Q)  +  W0  •  (vkp/»)  -  0 

Un  i (0 )  +  Wn  •  [h2  kj/12  -  (o/c_)2]  =  0  '17 

~  t  0 

thus,  W0  =  0  and  U0  is  any  constant,  ar,d  hence  this  mode  corresponds  to  pure 
axial  motion  with  no  radial  motion,  thus  indicating  the  y  =  kp  root  is  fur  the 
membrane  tr&veling  wave.  Similarly,  substituting  y  =  kf  into  equations  (6) 
yields  M 

UQi  dlcZ  -  kfp]  +  WQ  •  (0)  =  0 

V  [01  -  WQ  •  [0]  *  0  (18 
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thus  UQ  =  0,  and  is  any  constant  and  hence  corresponds  to  pure  flexural 
motion  with  no  axial  motion. 

•  infinite  plate  in  fluid 

This  situation  is  similarly  obtained  by  passing  to  the  limit  as  a  -*■  00  in 
equation  (12b)  and  not^  g  that  (KqUI/K,  (x) )  1  as  x-*00.  Thus  equation  (12b) 

reduces  to  1 


where  again  separate  membrane  traveling  waves  and  flexural  traveling  waves  result 
by  separately  equating  the  [  ] t  and  [  ]2  terms  to  zero  in  quation  (19).  Thus 
by  inspection,  as  in  the  in  vacuo  plate  case, 


is  again  a  root  for  the  membrane  propagating  wave  and  the  root  of 


ir; 

'■W 

k 


(p/ps) 


kh\' 


(*)‘  -7J 


=  0 


(19a) 


provides  the  flexural  wave  root.  It  is  noted  that  equation  (19a)  is  algebrai¬ 
cally  equivalent  to  equation  (7.10)  of  ref.  2.  Upon  inspecting  equation  (19a), 
it  is  seen  that  the  effect  of  the  water  presence  is  to  make  the  y/k  root  a 
larger  value  (i.e.,  the  flexural  wavelength  is  smaller)  than  what  would  have 
been  the  case  in  the  absence  of  external  water.  Thus  the  water  has  no  effect 
on  the  membrane  wave  root,  however  the  flexural  wave  root  is  effected  and  must 
be  solved  numerically  with  some  sort  of  root  searching  scheme. 


•  infinite  in  vacuo  cylindrical  shell 


The  characteristic  equation  is  again  obtained  from  the  general  (12b)  case, 
by  passing  to  the  limit  as  (p/ps)  -*■  0,  thus  obtaining 


=  0 


(20) 


which  corresponds  to  a  cubic  equation  in  the  desired  y2  root  and  consequently 
can  be  solved  for  exactly  without  resorting  to  a  numerical  root  finder.  Due  to 
the  presence  of  the  last  term  in  equation  (20),  y  =  kp  is  no  longer  the  exact 
root  for  the  membrane  traveling  wave,  however,  the  (vy  /a)2  does  not  usually 
shift  the  membrane  wave  number  root  very  far  from  the  plate  solution,  y  =  kpas 
can  be  seen  after  solving  for  the  exact  roots  of  equation  (20).  Only  positive 
values  for  y2  obtained  from  the  cubic  solution  will  correspond  to  freely  propa¬ 
gating  waves.  Although  the  exact  membrane  and  flexural  roots  are  coupled 
through  the  last  term  in  equation  (20),  an  approximation  of  the  root,  say  for 
roughing  out  the  mesh  size  needed,  can  be  obtained  from  the  approximations 
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obtained  after  dropping  the  normally  small  (v  y/a)2  term,  hence 

y «  k 

for  membrane  wSves,  and 

y  *.  kfP  ft 

for  flexural  waves. 


MODELING  FLEXURAL  AND  MEMBRANE  WAVES  WITH  NASTRAN 

A  simplified  model  is  needed  for  the  determination  of  the  necessary  number 
of  elements  per  wavelength  required  to  accurately  model  the  membrane  and/or 
flexural  freely  propagating  waves  in  NASTRAN  type  elements.  The  procedure  used 
here  is  to  cut  a  segment  (say  at  least  one  wavelength  long)  out  of  the  infi¬ 
nitely  long  model.  At  one  cut  of  the  model  (call  it  the  starting  end  "A"), 
moments  and  forces  existing  in  the  freely  propagating  wave  are  applied  explic¬ 
itly;  at  the  other  end  (call  it  the  termination  end  "B"),  an  appropriate 
absorbing  boundary  conditions  is  applied  (dampers  that  relate  shell  edge  veloc¬ 
ities  to  edge  moments  and  forces).  The  boundary  absorbers  implicitly  apply  the 
appropriate  amount  of  moment  or  force  that  would  have  been  present  internally 
at  that  section  of  the  shell.  In  theory,  it  would  be  possible  to  apply  explic¬ 
it  appropriately  phased  mements  and  forces  at  the  termination  end  as  well,  how¬ 
ever,  this  is  not  done  for  two  reasons.  First,  there  is  a  certain  amount  of 
phase  angle  drift  (an  amount  beyond  the  expected  termination  phase  of  yL)  that 
exists  as  the  wave  propagates  along  the  axis  of  the  shell  (or  plate)  and  it  is 
not  known  a  priori  what  the  phase  drift  is  so^that  the  termination  moments  and 
forces  can't  be  appropriately  adjusted;  the  application  of  boundary  absorbers, 
however,  does  not  require  any  phase  drift  adjustment.  Secondly,  the  implemen¬ 
tation  of  the  absorbers  gives  future  insight  on  how  to  truncate  finite  element 
shells  or  plates  in  such  a  manner  that  large  problems  requiring  premature  model 
termination  can  be  made. 


In  Vacuo  Cylindrical  Shell 


•  determination  of  edge  loading  moments  and  forces 


The  appropriate  moments  and  forces  at  the  starting  end  A  can  be  determined 
from  the  relationships  relating  the  shell  motion  u,  w  to  the  shell  edge  loads 
N^,  QA,  m^  and  are  given  by  the  shell  theory  relations  (ref.  1) 


Eh  /3u 


va 


— ) 
a  / 


(21) 


where  the  equation  (21)  moments  and  forces  are  line  loads  (i.e.,  loads  per  unit 
circumferential  arc  length)  obeying  the  shell  sign  convention  of  Figure  2a. 
Upon  substituting  equations  (4)  into  equations  (21),  it  follows  that 
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M*  -  -  y20  W„  e1’('I'z""t)  QA  =  -1  y3D  W„  ei(YZ'“t) 

L  °r  0  ,  (22) 

where  the  relation  between  l)0  and  is  governed  by  equation  (15)  for  cylindri¬ 
cal  shells.  For  plates  (a  ->- <») ,  Uq  and  WQ  are  independent,  where  for  membrane 
waves  U0  denotes  the  wave  amplitude  with  =  0  and  for  flexural  waves  Wo  is 
the  wave  amplitude  with  UQ  =  0. 


Equations  (22)  are  not  in  a  form  ready  to  use  in  NASTRAN  CCONEAX  elements 
for  three  reasons:  first,  NASTRAN  input  is  not  in  the  usual  line  load  form  as 
is  the  case  with  shell  theory,  but  rather  are  total  values  wherein  the  line 
loads  must  be  multiplied  by  2na;  second,  the  finite  element  type  sign  conven¬ 
tion  (like  quantities  at  both  ends  of  the  member  are  positive  in  the  same 
sense)  is  different  from  the  shell  theory  convention  (e.g.,  compare  Figures  2a 
and  2b)  and;  third,  NASTRAN  has  an  e+lwt  hardwired  into  the  code,  consequently 
an  adjustment  in  the  analytical  solution  is  necessary  to  compensate  for  this 
point.  Specifically,  a  wave  traveling  in  the  +z  direction  also  can  be  repre¬ 
sented  with  an  i(-yz  +  wt)  type  argument,  thus  by  replacing  y  with  -y  and  w 
with  -a)  in  the  analytical  solutions  will  accomplish  the  corresponding  correc¬ 
tion.  Thus  accounting  for  all  three  compensations  and  also  incorporating 
equation  (15),  the  NASTRAN  loading  for  the  cylindrical  shell  at  the  starting 
cut  A,  evaluated  at  z  =  0,  is  given  by: 


=  2-na  y2  D  WQ  e+1wt 


nA  o  a  3  n  +90°i  +iiot 
Q  =  2ira  y J  D  W  e  e 


mA  _  2ira 
NZ 


+iu)t 


NASTRAN 

cut-A 

loading 

for 

cylinder 


(23) 


where  W0  is  any  suitable  displacement  amplitude  factor  that  is  selected  by  the 
user,  and  y  is  the  root  directly  from  the  appropriate  frequency  equation 
(sign  changes  in  y  and  w  have  already  been  compensated  for  in  setting  up  equa¬ 
tion  (23)).  The  e+iwt  factors  are  of  course  omitted  when  entered  data  into 
NASTRAN  since  this  factor  is  automatically  accounted  for  internal  to  the 
program. 


•  determination  of  shell  edge  termination  absorbers 

The  membrane  or  flexural  wave  incident  upon  the  shell  termination  will 
reflect  from  the  end  unless  the  appropriate  boundary  condition  is  inserted  to 
simulate  the  effect  of  having  an  infinitely  long  shell.  Here  the  appropriate 
boundary  absorber  is  developed  for  each  of  the  three  shell  edge  loads.  Follow¬ 
ing  the  same  procedure  used  to  setup  equations  (23),  the  internal  moments  and 
forces  at  the  termination  end  are  given  by 
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(24) 


-  2  n  II  +itot  -YL 

-2ira  y  D  WQ  e  e 

0  ,  3  n  +i90°  w  +iwt  -1yL 

-2-ira  y  D  e  "o  e  •  e 

-2iTa  'h  pg  y  e+itot  e-1"^ 


The  equations  (24)  can  be  written  in  terms  of  velocity,  by  noting  u  =  +iwu 
w  =  iww,  dw/dx  =  0  =  ( - i y) ( ioiw)  thus  equations  (24)  become 


SB  =  IXl  (e) 
z  w 


-2TraY3D 


I2B_h_Ps»{j) 


where  the  above  forces  are  the  forces  on  the  shell  edge  B.  Dampers  attached  to 
the  end  of  the  shell  would  have  an  internal  force  or  moment  equal  and  opposite 
to  the  value  at  the  shell  edge,  thus  the  forces  and  moments  internal  to  the 
damper  are  given  by 

=  CQ  •  (6)  Q  =  CQ  •  (w)  W  =  •  (u)  (26) 

where  the  damper  values  are  given  by 

„  _  2ira  D  „  _  2Tra  D  y2  „  _  ..  }  11551!!$!  mu 


(w) 

• 

cF 

II 

3: 

(u) 

(26) 

°N  = 
Cy,  is 

2rr  ah  psCy  j 
defined  by 

NASTRAN 

CCONEAX 

DAMPERS 

(27) 

(28) 

Cy  =  Y  (28 

where  y  is  the  root  of  the  characteristic  equation.  In  the  case  of  a  plate, 
the  same  dampers  can  be  used,  except  the  2rr a  would  be  replaced  by  the  width  of 
the  plate  (perpendicular  to  the  direction  of  propagation)  and  appropriately 
subdivided  between  the  element  termination  nodes  (two  termination  nodes  for 
actual  plate  elements  and  one  termination  node  for  beam  elements  with  a  plane 
strain  correction  on  the  Young's  modulus). 


Submerged  Cylindrical  Shell 

•  determination  of  edge  loading  moments  and  forces 

The  appropriate  moments  and  forces  employed  to  drive  the  shell  edge  employ 
the  same  equation  (23)  formulas,  except  that  the  propagating  wave  number  root,y 
must  be  determined  from  equations  (12b) in  this  case. 

•  determination  of  shell  edge  termination  dampers 

Again  equations  (27)  can  be  used,  except  that  y  as  determined  from  equa¬ 
tions  (27)  is  employed. 
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•  determination  of  fluid  loading  on  face  z  =  0 


The  appropriate  fluid  loading  can  be  obtained  by  substituting  equation 
(5a)  into  (5)  (and  converting  into  the  -iyz  +  wt  form  by  letting  y  =  -y  and 
w  =  -w)  to  obtain 


p(r.z)  =  -P  Wn  a)2  H$  (r  N/k^-y2 ' )  g-iyz  +  iwt 
Hj  (a'/F-y2  ) 


(29) 


Employing  the  large  argument  Bessel  function  approximations  (ref.  5)  of 


Hq\x)  z  n/(2/(ttX)  ‘e1  ^( X )  ~  Hq  ( X ) e_7r/ 2  (30) 

the  equation  (29)  can  be  rewritten  for,  |r^y2  -IFl  >  10.0,  in  the  form 


p(r,z) 


y  i.  Q-  ( r/a.-l )  ( a  >fyz-k2 1 
■Wn  par  e  v  1 

^ F  n/tTT 


e-iyz  e+io.t 


(31) 


where  equation  (31)  can  be  used  as  the  e  forced  pressure  at  the  face  z  =  0. 

Equation  (31)  can  also  be  used  to  drive  plate  models  by  first  making  a 
change  in  variable  r  =  x  +  a  (where  x  is  the  outward  distance  measured  from  the 
middle  surface  of  the  shell)  and  then  appropriately  passing  to  the  limit  as  a*“ 
to  obtain 


p(x,z)  «  -*■ 


-X  N/y2-k2 


-iyz  +iwt 


nIt^F 


(32) 


•  determination  of  fluid  loading  on  face  z  =  L 

On  this  face  we  choose  to  absorb  the  incident  pressure  wave  with  an 
absorber  type  boundary  condition  rather  than  load  it  explicitly  with  equation 
(29)  evaluated  at  z  =  L.  This  approach  is  consistent  with  the  manner  in  which 
the  shell  was  terminated.  The  relationship  between  pressure  end  applied  forces 
in  a  finite  element  formulation  is  that  the  normal  gradient  of  the  pressure  is 
proportional  to  the  finite  element  model  force.  Therefore,  the  gradient  of 
pressure  normal  to  the  cut,  z  =  L  is  needed  and  given  by  (with  Equation  (5) i(+yz-wt) 
arguments) 

||  =  iyp(r,z)  (34) 

and  since  for  steady  state  problems, 

If  --i«p 


it  follows 


3p  -  iX  1R  -  IX  n 

■£z  a)  at -  to  H 


(35) 
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is  the  boundary  condition  to  employ  along  the  vertical  fluid  cut  z  =  L.  For 
direct  acoustic  fluid  elements  (ref.  6),  the  finite  element  nodal  force  is 
related  to  the  normal  gradient  by  the  relation 


Fn  =  f[H]J  fjj-.  dS  (36) 
s 

where  [N]  is  the  element  shape  function.  For  lumped  force  applications,  equa¬ 
tion  (36)  is  represented  as,  (where  n'  is  the  unit  normal  to  the  fluid  and  A  A 
is  an  appropriate  amount  of  area  surrounding  the  node  at  the  point  of  the  Fn 
appl i cation) 


Fn  =  AAii? 


(37) 


and  upon  substituting  equation  (35)  into  (37)  one  obtains 


-A  A  -  P 

O) 


(38) 


and  represents  the  nodal  force  on  the  fluid  as  being  proportional  to  the  pres¬ 
sure  time  rate  of  change.  Thus  the  internal  force  in  a  damper  attached  to  the 
node  would  be  equal  and  opposite  in  value  and  given  by 


-damp  .  .  y  • 
Fn  =  +AA^p 


where  the  damper  value  would  be 


CP  _  AAy_  direct  pressure  method  damper 

d  a)  (no  analogy)  for  z  =  L  face 


(39) 


In  the  case  of  NASTRAN,  the  acoustic  fluid  is  modeled  by  way  of  an  analogy 
which  reduces  the  elasticity  equations  to  the  Helmholtz  equation  by  way  of 
introducing  dummy  constants  into  the  material  matrix  and  allowing  the  displace¬ 
ment  variable,  uz,  occupy  the  pressure  variable  (see  ref.  3  for  details).  The 
analogy  has  been  adopted  herein,  consequently,  an  additional  factor  of  Pc2 
appears  in  equation  (37),  and  consequently  the  frequency  dependent  NASTRAN 
axial  damper  needs  to  be  modified  by  this  same  factor  and  thusly  equation  (39) 

i.s  replaced  by  (replacing u)+-w.y  ->-y  converts  to  NASTRAN  convention;  this  results  in 
the  same  damper  since  signs  cancel ) 


Cp 

Ld 


(40) 


=  Ml  dc2  NASTRAN  (ref.  3)  analogy  damper 
w  p  for  z  =  L  face,  with  y  directly  from 
appropriate  characteristic  equation. 

It  is-noted,  that  so  long  as  Yis  a  real  quantity  (e.g.,  characteristic  root 
equation  for  Y  is  obtained  from  equation  (12b)),  the  termination  condition  in 
the  z  direction  is  a  pure  damper.  However,  where  Yis  complex  (e.g.,  root  from 
equation  (12a))  substitution  of  Y  into  the  equation  (40)  damper  will  result  in 
a  complex  damper.  The  real  part  can  be  treated  as  above,  but  the  complex  part 
will  end  up  looking  like  a  resistance  (spring)  when  combined  with  the  +i« 
appearing  as  a  multiplier  in  the  assembled  damping  matrix  in  NASTRAN.  Thus, 
the  imaginary  part  of  the  damper  (if  it  is 
spring  whose  spring  constant  is 


damping  matrix  in  NASTRAN. 
present)  can  be  applied  as  a  nodal 


h 

\  VST 


■) 


pc2  ) (+iw)  =  -AA  pc2  y 


NASTRAN. analogy  spring 
i  (with  y1  directly  from 

appropriate  characteristic 
inequation) 


wherein  for  decaying  waves,  y1'  will  be  a  positive  number  making  the  spri.ng 
constant  positive. 

Equation  (40)  can  equally  be  applied  to  plate  model  problems,  upon  properly 
interpreting  AA.  v 

•  determination  of  fluid  loading  on  outer  face  r  =  r0 

Here  on  the  outer  radial  fluid  face,  the  boundary  condition  is  developed  just 
as  in  the  previous  case,  except  that  now  the  gradient  has  to  be  taken  in  the 
direction  of  the  outward  normal  (n1  =  r).  Thus  operating  on  equation  (29)  with 
d(  )/a  r  and  then  employing  the  equation  (30)  large  argument  relations,  the 
following  result  is  obtained 

§£«  -^^(r.z)  (41) 

Unlike  equation  (34),  this  result  does  not  have  a  factor  i  relating  the  gradi¬ 
ent  of  p  and  p  itself,  consequently,  upon  substition  of  equation  (41)  into 
equation  (37),  one  obtains 

Fn  =  -AAn/t^F"  p  (42) 

and  represents  the  nodal  force  on  the  fluid  as  being  proportional  to  the  pres¬ 
sure.  Thus  the  internal  force  in  a  spring  attached  to  the  node  would  be  equal 
and  opposite  in  value  and  is  given  by 

F^pg  =  +AA  'iy^-k2  '  p 

where  the  spring  constant  value  would  be 


KP  =  aA  ^Yz-kr‘ 


direct  pressure  method  spring 
(no  analogy)  for  r  =  ifc  face 


(43) 


and  in  the  case  of  employing  the  ref.  3  pressure  analogy,  the  counterpart  of 
equation  (43)  is 

KP  =  AA  pc^n/y2^2''  NASTRAN  (ref.  3)  analogy  (44) 

spring  for  r  =  rQ  face 

When  y  is  a  root  of  equation  (12b)  (y 2  >  |<2),  eqUation  (44)  implies  a  real 
spring  is  all  that  is  needed.  However,  when  y%  <  k^,  and  equation  (12a)  is 
employed,  the  roots,  y,  are,  in  general,  complex  which  implies  that  equation 
(44)  will  have  a  real  and  imaginary  part.  The  real  part  of  KP  is  still  a 
spring,  however  the  imaginary  portion  can  be  converted  into  a  damper  by  divid¬ 
ing  the  imaginary  part  coefficient  (not  including  i)  of  equation  (44)  by  w  (to 
compensate  for  the  w  multiplied  in  by  the  complex  stiffness  formation). 


Equation  (44)  can  equally  be  applied  to  plate  model  problems, upon  appropri¬ 
ately  interpreting  AA. 
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Limitations  of  Membrane  and  Flexural  Wave  Modeling 

The  scope  of  this  study  is  limited  to  a  driving  frequency  region  where  the 
influence  of  plate  rotary  inertia  and  shear  deformation  on  the  flexural  motions 
are  not  important.  In  fact,  this  is  the  limitation  of  the  propagating  wave¬ 
length  formulas  given  earlier.  The  ability  of  NASTRAN  to  account  for  these 
higher  order  effects  is  a  topic  all  in  itself  and  will  not  be  addressed  in  this 
paper  wherein  stiffness  and  mass  formulations  along  the  lines  given  in  ref.  7 
must  be  considered. 


Although  we  are  interested  in  both  plate  and  shell  propagating  waves,  the 
classical  plate  theory  (CPT)  can  provide  insight  with  regard  to  the  point  at 
which  theabove  mentioned  correction  factors  are  needed.  The  CPT  is  defined 
here  as  the  special  case  01  equation  (1)  with  a-*-00.  Midlin's  classical  paper 
(ref.  4)  provides  a  guideline  for  when  the  characteristic  wave  equations  pre¬ 
sented  herein  no  longer  predicts  the  proper  waves  number  roots,  y.  As  pointed 
out  in  ref.  4,  the  exact  elasticity  solution  to  the  same  problem  shows  that  CPT 
can  predict  the  correct  flexural  wave  numbers  when  the  corresponding  2-rr/y 
wavelengths  are  long  in  comparison  with  the  thickness  of  the  plate.  As  the 
wavelength  gets  smaller,  the  exact  elasticity  solution  traveling  wave  phase 
velocity  (w/y),  has  as  its  upper  limit,  the  velocity  of  the  Rayleigh  surface 
wave.  Hence  the  CPT  cannot  be  expected  to  give  good  results  for  the  wave  num¬ 
bers,  y,  as  the  driving  frequencies  get  increasingly  large.  Reference  4  pro¬ 
vides  a  plot  of  propagating  phase  velocity  Cy  =  to/y  (non-dimensional i zed  with 
respect  to  the  shear  wave  velocity  cs  =  )  versus  the  plate  thickness 

(non-dimensionalized  with  respect  to  the  flexural  wavelength,  2-n/yfor  a  fixed 
Poisson's  ratio  (v=  0.5)  and  is  reproduced  here  as  Figure  3.  The  CPT  straight 
line  plot,  curve  II,  is  nothing  more  than  equation  (9)  rewritten  in  the  form 

P-  =  f-  •  -=-1-  (44a) 

cs  Ay  n/6(1-v) 


and  is  compared  against  curve  I,  the  exact  elasticity  solution.  Curves  III, 
IV,  and  V  are  different  combinations  of  adding  rotary  interior  and  shear  cor¬ 
rection  factors.  Figure  3  suggests  that  the  shear  correction  addition  has  the 
biggest  impact  on  correcting  the  CPT  case.  The  shear  thickness  parameter  T2, 
in  the  NASTRAN  CCONEAX  elements  appears  to  attempt  to  account  for  shear 
effects,  however,  this  point  has  not  been  pursued  with  regard  to  attempting  to 
make  NASTRAN  propagate  flexural  waves  for  h/Ay>  0.15 


The  results  in  Figure  3  suggest  that  a  h/Av  (plate  thickness- to-flexural 
wavelength  ratio)  of  limit  of  0.15  be  maintained,  i.e., 

P  <0.15  (45) 

Ay 

or  equivalently, 

$*0.15  (45a) 

where  y  is  the  flexural  wave  number  root  of  the  problem  at  hand.  The  limit 
given  by  equation*  (45a)  employed  Figure  3  which  is  a  plot  based  on  a  fixed 
Poisson's  ratio  (i.e.,  v  =  0.5).  The  guideline  formula  can  still  be  used  for 
other  values  of  Poisson's  ratio  due  to  the  weak  dependence  of  the  plots  on  v  . 

In  fact,  for  the  common  case  of  v  =  0.3,  a  value  of  h/Ay  =  0.15  implies  a 
(y/cs  ordinate  of  0.4598  for  the  CPT  case  and  a  value  or  0.4032  in  the  exact 
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theory  case.  However,  for  v  =  0.5,  a  h/xy  =  0.15  implies  a  cy/cs  ordinate  of 
0.5441  in  the  CPT  case  and  a  value  of  0.4629  in  the  exact  theory  case  (computed 
from  equation  (40)  of  ref.  4).  Thus,  illustrating  the  Figure  3  v  =  0.5  case  is 
an  extreme  case  (e.g.,  17.5%  deviaton  for  v=  0.5  compared  to  14.0%  for  v  = 
0.3)  with  regard  to  the  point  at  which  CPT  deviates  from  the  exact  theory. 

Thus,  to  test  inequality  (45a),  one  simply  employs  the  appropriate  charac¬ 
teristic  equation  developed  (e.g.,  equation  (12b))  and  after  obtaining  the 
flexural  wave  root  Y,  verify  whether  in  equation  (45a)  is  satisfied. 


Comments  on  Mass  Matrix 

The  issue  of  an  appropriate  mass  matrix  for  dynamics  problems  has  long 
been  a  topic  of  discussion  in  the  literature  on  finite  elements.  Here  we  take 
the  simpliest  approach,  namely  that  of  a  diagonal  lumped  mass  matrix  for  the 
shell.  Upon  employing  t'.ie  lumped  approach,  for  say  CC0NAX  elements,  NASTRAN 
generates  zero  valued  rotary  inertia  mass  matrix  contributions.  To  fill  this 
void,  the  work  by  ref.  8  was  employed  wherein  the  suggested  diagonal  rotary 
inertia  terms  at  a  node  would  be  given  by 


for  the  single  element  contribution  at  a  rotation  degree-of- freedom  node  where 
me  is  the  total  mass  of  the  element,  £  is  the  element  length,  h  the  element 
thickness.  Thus  end  point  nodes  with  one  element  framing  into  the  node  employs 
equation  (46)  once  and  internal  nodes  with  two  elements  framing  into  the  same 
node  applys  equation  (46)  twice. 


DEMONSTRATION  PROBLEMS 

A  series  of  limited,  yet  fully  representative,  demonstration  problems  are 
presented  here  to  illustrate  the  use  of  the  procedures  discussed  in  the  theo¬ 
retical  section.  First  an  in  vacuo  cylindrical  shell  is  treated  employing  three 
different  mesh  distributions.  Secondly,  the  same  shell  (employing  the  finer 
mesh  distribution)  is  solved  with  external  water  present.  All  solutions  are 
obtained  with  COSMIC  SOL-8. employing  the  VAX  computer  version  of  NASTRAN. 


In  Vacuo  Cylinder  Example 


An  infinite  cylindrical  shell  is  excited  and  is  propagating  a  constant 
amplitude  harmonic  wave  in  the  plus  z  direction.  The  shell  (shown  in  Figure  1) 
is  cut  at  points  A  and  B  and  is  modeled  as  a  3.2  inch  long, 20  el  cmcnt  CC0MEAX 
finite  element  model  shown  in  Figure  4  (in  the  in  vacuo  case  considered  here, 
the  fluid  is  omitted  in  the  model).  The  point  A  (incident  side  of  the  shell) 
is  driven  with  equations  (23)  and  is  terminated  with  three  boundary  dampers 
sized  according  to  equations  (27).  The  problem  parameters  correspond  to  the 
following  data 
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a  =  40.0" 


(47) 


,  h  =  0.20"  ,  E  =  154,149.39  psi 

v  =  0*.3  ,  ps  =  0.000048,  w  =  9749.99  rad/sec 

wherein  the  corresponding  wave  number  roots  to  the  characteristic  equation  (20) 
are  given  by 

y  =  0.163949685  for  the  membrane  root 
and  (48) 

Y  =  1.67707302  for  the  flexural  wave  root 

hence  the  membrane  wavelength  is  12.566  inches  and  the  flexural  wavelength  is 
3.7465  inches. 

•  flexural  wave  example 


The  shell  termination  dampers  at  cut  B  are  computed  upon  substitution  of 
the  equation  (48)  flexural  wave  root  into  equations  (27)  to  obtain 


C0  =  4.8819909  CQ  =  13.7309605  CN  =  14.0269417  (49) 

and  the  shell  edge  forces,  for  an  arbitrarily  selected  driven  amplitude  of 
W0  =  1.0  x  10"6 ,  at  the  driver  cut  end  A  are  obtained  by  substituting  the  flex¬ 
ural  wave  root  into  equations  (23)  to  obtain  (supressing  the  exponential  time 
factor  where' dampers  are  installed  with  DMIG  cards  ): 

My  =  7.9827681  x  10-2  qA  =  0.1338768  eW2 

~A  .  (50) 

=  6.175285  x  10-4 


The  rotary  inertia  mass  entries  are  computed  with  equation  (46).  The  corre¬ 
sponding  NASTRAN  input  is  given  in  Figure  5  for  reference  purposes.  The  exact 
solution  is  a  constant  amplitude  displacement  wave  varying  as 


w  =  W0 


e  i  ( - Y 2  +  »t) 


Consequently,  the  exact  solution  is  easy  to  plot  and  is  simply  a  constant  mag¬ 
nitude  radial  displacement  of  magnitude  W0  =  1  x  10-6  and  whose  phase  angle 
rolls  off  linearly  with  z  and  reploting  with  spatial  period  2tt/y.  The  exact 
solution  versus  the  NASTRAN  solution  is  given  in  Figure  6  and  shows  good 
agreement  between  the  exact  solution  and  the  corresponding  NASTRAN  solution. 
Since  the  model  element  spacing  is  0.16  inches,  the  solution  model  is  a  23*5 
element  per  wavelength  case.  In  order  to  investigate  the  influence  of  .nesh 
size  on  solution  accuracy,  the  same  3.2  inch  model  was  run  for  two  coarser 
meshes;  one  having  5  elements  and  the  other  having  only  3  elements.  The  same 
dampers  and  edge  loads  are  reapplied  to  the  coarser  models.  The  resulting 
solutions  are  shown  in  Figure  7  and  as  can  be  seen,  the  quality  of  the  solution 
(i.e.,  the  ability  of  the  cylindrical  shell  to  propagate  flexural  waves)'  has 
degraded  over  the  finer  mesh  example,  particularly  for  the  three  element  shell. 
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TWENTY  ELEMENT  CYLINDRICAL  SHELL  EXAMPLE  DATA  FOR  FLEXURAL  WAVE  RUN 


1-360° 


*  NASTRAN  PHASE 


NASTRAN  AMPLITUDE 


[tude| 


23k  ELEMENTS/AY 


.  EXACT  SOLUTION 
AMPLITUDE 

"EXACT  SOLUTION 
PHASE 


FLEXURAL  WAVE 


20  ELEMENT  MODEL 

- 1 - 1 - : - 1 - 1 - 0° 

O.t  t.S  O.t  1.1  1.2 

(z/Xy);  AXIAL  COORDINATE  NON-DIMENS IONALIZE  BY  FLEXURAL  WAVE  LENGTH 

FIGURE  6.  RADIAL  SHELL  DISPLACEMENT  VS.  AXIAL  COORDINATE  (FINE  MESH) 

FOR  23k  FLEXURAL  WAVE  LENGTHS  PER  ELEMENT  n 

i.otoooo-fc - — • — - - - - i—  360 


*  NASTRAN  PHASE  'j 

-  ^NASTRAN  AMPLITUDE) 

•NASTRAN  PHASE  ) 
- ONASTRAN  AMPLITUDE! 


6  ELEMENTS/ A. 


ik  ELEMENTS/ A. 


- - A  .. 


■EXACT  SOLUTION 
AMPLITUDE 


■ - —A  . 


FLEXURAL  WAVE 


-EXACT  SOLUTION 
PHASE 


5  ELEMENT 'AND 


uuuriL.ii  i  »'nj 


(z/Ay) ;  AXIAL  COOL  'ATE  NON-DIMENSIONALIZED  BY  FLEXURAL  WAVE  LENGTH 

FIGURE  7.  RADIAL  SHELL  DISPLACEMENT  VS.  AXIAL  .COORDINATE  (COARSE  MESH) 
FOR  6  AND  FOR  3k  FLEXURAL  WAVE  LENGTHS  PER  ELEMENT 
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•  membrane  wave  example 

Again,  the  20  element  model  is  considered,  except  in  this  case,  we  propa¬ 
gate  a  membrane  wave  along  the  +z  direction  of  the  same  cylindrical  shell  con¬ 
sidered  for  the  flexural  wave  example.  The  procedure  is  exactly  the  same  here, 
except  that  the  membrane  root  (first  of  equations  (48))  is  employed  to  compute 
the  shell  termination  dampers  and  driving  moments  and  forces.  Thus,  substitut¬ 
ing  the  membrane  root  into  equations  (27)  and  (23),  the  model  dampers  and  edge 
loads  are  in  this  case: 

C0  =  0.4772607  CQ  =  0.012828529  CN  =  143.484479 
and 

=  7.6290549  x  10-4  qA  =  1.2507811  x  10-4  eiir/2 
=  -29.909871 

The  solution  response  for  the  dominant  axial  motion  is  plotted  in  Figure  8  and 
is  non-dimensional i zed  with  respect  to  the,  Uo,  axial  wave  amplitude  magnitude 
(by  equation  (15),  |U0|  =  21.37985  x  10-6  when  W0  =  1.0  x  10-6).  The  radial 
deflection,  non-dimensional ized  with  respect  to  W0,  is  given  in  Figure  9.  The 
quality  of  the  solution  is  seen  to  be  very  accurate,  as  would  be  expected  since 
the  wavelength  is  substantially  longer  than  the  flexural  wave  example  (e.g., 

( 2-nr/ .0163949 ) /0 . 16  =  239%  elements  per  wavelength. 


Submerged  Cylinder  Example  (Flexural  Wave) 

Again,  the  same  20  element  cylindrical  shell  is  considered,  except  here, 
the  shell  is  submerged  in  water  (external  water  only  where  c  =  b0,000.  in/ sec 
and  p=  0.000096).  Substituting  the  equation  (47)  parameters  into  equation 
(7b),  and  solving  for  the  wave  number  roots,  it  is  found  that 

Y  =  0.164124528  for  the  membrane  root 

and  (51) 

Y  =  2.51631787  for  the  flexural  root. 

Comparing  the  second  of  equations  (51)  to  the  in  vacuo  wave  number,  it  is  noted 
that  the  presence  of  the  fluid  shortened  the  wavelength  by  a  factor  of z  2/3. 
Substituting  the  flexural  root  into  equations  (27)  and  (23),  the  model  dampers 
and  edge  loads  (for  a  W0  =  1  x  10-6  shell  amplitude)  are  given  by 

C0  =  7.32505101  ,  Cq  =  46.3811654  ,  CN  =  9.34867391 

and 

=  0.179713448  ,  QA  =  0.452216160  eW2  , 

=  2.7283602  x  10-4 

In  addition,  the  z  =  L  boundary  cut  damper  is  given  through  equation  (40),  the 
r  =  r^  =  43.2  inch  fluid  boundary  spring  by  equation  (44)  and  the  z  =0  pres¬ 
sure  loading  by  equation  (31).  The  pressure  values  are  enforced  by  applying 
the  stiff  spring  approach,  where  the  stiff  spring  constant  is  sized  to  be  1000 
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(z/Xy),  AXIAL  COORDINATE  NON-DIMENSIONALIZED  BY  MEMBRANE  WAVE  LENGTH 
FIGURE  8.  AXIAL  SHELL  DISPLACEMENT  VS.  AXIAL  COORDINATE  (FINE  MESH) 
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FIGURE  9.  RADIAL  SHELL  DISPLACEMENT  VS.  AXIAL  COORDINATE  (FINE  MESH) 
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times  the  regular  pressure  element  stiffnesses  and  the  applied  force  is  the 
pressure  times  the  stiff  spring.  The  actual  data  input  is  shown  in  Figure  10, 
where  the  obvious  repetitive  pattern  to  the  numbering  system  of  Figure  4,  per¬ 
mits  us  to  leave  out  most  of  the  grid  coordinate  cards,  element  cards,  and 
fluid-to-structure  DM1G  connection  cards  while  leaving  behind  representative 
examples  of  each  kind.  The  resulting  response  for  the  radial  deflection  is 
plotted  in  Figure  11  and  the  corresponding  pressure  in  the  fluid  (at  the  sur¬ 
face  of  the  structure)  is  plotted  in  Figure  12.  Both  the  deformation  and  .pres¬ 
sure  are  seen  to  track  the  exact  solution  closely.  A  graphical  representation 
of  the  entire  pressure  field  amplitude  is  shown  in  Figure  13  through  employing 
the  PATRAN  fringe  color  plotting  feature.  Plotting  data  in  this  fashion  shows 
bands  of  data  having  the  same  magnitude  spread,  as  a  single  color.  Narrow 
bands  at  the  surface  spreading  outward  radially  to  increasingly  wider  bands 
show  the  exponential  type  decay  in  the  pressure  field. 


CONCLUDING  REMARKS 

The  results  in  this  paper  demonstrate  a  procedure  by  which  the  NASTRAN 
computer  program  can  be  employed  to  check  the  ability  of  the  NASTRAN  program  to 
model  membrane  and  flexural  waves  existing  in  both  in  vacuo  and  submerged 
cylindrical  shells  and  flat  plates.  The  study  is  limited  to  a  range  of  fre¬ 
quencies  where  rotary  inertia  and  shear  correction  factors  are  not  necessary  to 
model  the  corresponding  wave  propagation.  For  the  demonstration  problems  con¬ 
sidered,  the  wave  propagation  ability  of  the  elements  considered  appears  to 
fall  off  rapidly,  once  lessthan  6  elements  per  wavelength  are  considered.  For 
example,  in  the  6  element  per  flexural  wavelength  problem,  the  worse  nodal 
point  magnitude  was  in  error  by  12  %  for  the  radial  deflection,  whereas  the 
error  was  36.7%  for  the  3\  element  per  wavelength  example.  It  is  recommended 
that  the  user  make  his  own  test  with  regard  to  mesh  fineness  necessary  to 
achieve  a  particular  level  of  accuracy.  For  example,  when  the  propagating  wave 
root  is  in  the  neighborhood  of  a  cutoff  frequency  (i.e.,  a  condition  where  no 
propagating  wave  exists),  finer  meshes  than  experineced  in  the  demonstration 
considered  in  this  paper  may  be  needed.  For  most  cases  experienced  by  the 
authors,  however,  10  elements  per  wavelength  appears  to  provide  good  results 
for  properly  modeling  the  wave  propagation  for  flexure  and  membrane  waves  in 
the  kinds  of  elements  considered  herein. 
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FIGURE  10.  TWENTY  ELEMENT  SUBMERGED  SHELL  EXAMPLE  DATA  FOR  FLEXURAL  WAVE  RUN 


|p/P0|,  NON-^MENSIONAL  FLUID  PRESSURE  (at  r  =  a)  |w/W0j,  NON-DIMENSIONAL  RADIAL  SHELL  DISPLACEMENT 


(z/Xy) ;  AXIAL  COORDINATE  NON-DIMENSIONAL I ZED  BY  FLEXURAL  WAVE  LENGTH 


FIGURE  11.  RADIAL  DISPLACEMENT  VS.  AXIAL  COORDINATE  FOR  15%  FLEXURAL 
WAVE  LENGTHS  PER  ELEMENT  (SUBMERGED  SHELL) 


(z/Xy);  AXIAL  COORDINATE  NON-DIMENSIONALIZED  BY  FLEXURAL  WAVE  LENGTH 


FIGURE  12.  SURFACE  PRESSURE  VS.  AXIAL  COORDINATE  FOR  15%  FLEXURAL 
WAVE  LENGTHS  PER  ELEMENT  (SUBMERGED  SHELL) 

204 


PHASE  ANGLE  OF  p  (DEGREES)  PHASE  ANGLE  OF  w  (DEGREES) 


PLOTS  FOR 
IN  FLUID  FIELD 
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DYNAMIC  CERTIFICATION  OF  A  THRUST-MEASURING 

SYSTEM  FOR  LARGE  SOLID  ROCKET  MOTORS* 

R.  A.  LeMaster  and  R.  B.  Runyan 
Sverdrup  Technology,  Inc./AEDC  Group 


INTRODUCTION 


The  J-4  Rocket  Test  Cell  and  its  Thrust  Measuring  System  (TMS)  at  Arnold  Engi¬ 
neering  Development  Center  (AEDC)  were  modified  to  provide  multicomponent  force 
measurement  of  large  solid  rocket  motors  having  nozzle  gimbaling  capability.  To 
verify  the  structural  integrity  of  a  combined  TMS  and  motor  system,  a  large  finite 
element  model  of  the  TMS  and  motor  was  developed  using  the  MSC/NASTRAN  computer 
program.  Due  to  the  importance  of  obtaining  accurate  estimates  for  the  dynamic 
force  levels,  it  was  necessary  to  certify  that  the  model  adequately  simulated  the 
physical  system.  This  was  accomplished  by  performing  a  modal  analysis  test  on  the 
TMS  and  motor  combination.  The  objectives  of  this  paper  are:  (I)  to  discuss  the 
physical  characteristics  of  the  TMS  and  motor  that  influence  the  MSC/NASTRAN  model; 
(2)  to  compare  the  frequency  response  characteristics  computed  using  the  MSC/NASTRAN 
model  to  those  obtained  from  the  modal  analysis  test;  (3)  to  discuss  the  experiences 
gained  in  modal  analysis  testing;  and  (4)  to  demonstrate  how  state-of-the-art  exper¬ 
imental  and  analytical  methods  are  used  in  the  design  of  ground  test  facilities. 

Due  to  economic  and/or  time  constraints  associated  with  performing  experimental 
investigations  on  large,  complex  structures,  the  structural  analyst  rarely  has  the 
opportunity  to  determine  how  well  his  finite  element  representation  simulates  the 
characteristics  of  the  actual  structure.  Finite  element  calculations  have  been 
shown  to  agree  very  well  with  experimental  data  for  simple  components.  However, 
little  data  is  available  concerning  how  well  they  agree  for  complex  structures 
comprised  of  many  components.  Since  the  TMS  and  motor  combination  are  comprised  of 
structural  components  from  aerospace,  mechanical,  and  civil  engineering  disciplines, 
the  methods,  results,  comparisons,  and  conclusions  drawn  from  this  activity  will  be 
of  interest  to  the  dynamics  and  structures  community  in  general. 

In  the  following  sections,  descriptions  of  the  TMS,  finite  element  model,  and 
modeling  assumptions  will  be  given  in  conjunction  with  the  analysis  methods.  Subse¬ 
quent  sections  will  discuss  the  experimental  effort  and  compare  the  experimental 
data  to  the  computed  results. 


The  work  reported  herein  was  performed  by  the  Arnold  Engineering  Development 
Center  (AEDC) ,  Air  Force  Systems  Command  (AFSC) .  Work  and  analysis  for  this 
research  were  done  by  personnel  of  Sverdrup  Technology,  Inc.,  operating  contractor 
of  the  AEDC  Engine  Test  Facility.  Further  reproduction  is  authorized  to  satisfy 
the  needs  of  the  U.  S.  Government. 
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THRUST-MEASURING  SYSTEM 


During  simulated  altitude  testing,  the  motor  is  restrained  by  a  large  fixture 
which  is  referred  to  as  the  Thrust-Measuring  System.  The  TMS  is  designed  to  react 
and  measure  the  six  components  of  thrust  developed  by  the  motor,  and  is  rated  at 
2.2  MN  (500,000  lb)  axial  force  and  222.2  kN  (50,000  lb)  side  force.  The  TMS  is 
very  massive,  using  eight  W  36  x  400  beams  to  react  the  primary  forces.  The 
location  of  the  TMS  within  the  J-4  Rocket  Test  Cell  is  shown  in  figure  1.  Figure  2 
shows  the  main  thrust  stand  structure  prior  to  installation  in  the  test  cell. 

During  testing,  the  TMS  is  required  to  withstand  large  dynamic  forces  created 
by  ignition  and  gimbaling  transients.  The  magnitude  of  the  dynamic  forces  may  be 
several  times  the  static  values  and  is  a  function  of  the  motor  dynamics  and  its 
interaction  with  the  TMS. 

The  TMS  contains  a  large  number  of  structural  connections,  many  of  which  con¬ 
tain  secondary  members  which  intersect  with  primary  members  at  odd  angles.  In 
general,  the  depth  of  the  secondary  members  is  significantly  less  than  that  of  the 
primary  member,  and  the  secondary  members  are  welded  only  to  the  flange  or  web  of 
the  frame  member.  Consequently,  the  mechanical  behavior  of  the  connections  is 
quite  complex.  Three  typical  connections  are  shown  in  figures  3a,  b,  and  c. 

Figure  3a  shows  one  of  eight  connections  where  the  main  thrust-measuring  system 
structure  connects  to  a  3.048-m  (10  ft)  support  column.  The  support  column  is  made 
from  0.91-m  (36  in.)-diameter  thick-walled  pipe  and  has  longitudinal  stiffeners 
located  every  36  deg  around  its  circumference.  As  seen  in  figure  3a,  several 
secondary  support  and  bracing  members  attach  to  the  main  girder  and  intersect  it 
at  odd  angles  at  various  locations  (i.e.,  flange  or  web).  Since  the  secondary 
member  intersecting  the  main  girder  web  is  much  smaller  than  the  main  girder,  the 
plate  behavior  of  th'1  main  girder  web  will  influence  the  stiffness  of  the  con¬ 
nection. 

Figure  3b  shows  another  connection  used  several  times  in  the  TMS.  Again,  note 
the  relative  size  of  the  main  girder  and  secondary  member;  the  plate  behavior  of 
the  web  will  influence  the  connection  stiffness  characteristics.  Also  shown  in 
figure  3b  is  a  typical  triaxial  strain  gage  accelerometer  and  mounting  block  instal¬ 
lation.  The  orientation  and  positioning  of  the  accelerometers  and  mounting  blocks 
are  discussed  in  a  subsequent  section. 

Figure  3c  shows  another  typical  connection  in  which  the  secondary  members 
intersect  the  main  girder  at  odd  angles,  and  are  much  smaller  than  the  main  girder. 
Clearly,  the  load-deflection  behavior  of  these  connections  will  be  quite  complex. 


FINITE  ELEMENT  ANALYSIS 

Experience  has  shown  that  significant  dynamic  interactions  may  develop  during 
ignition  and  gimbaling  transients.  The  magnitudes  of  the  dynamic  interactions  are 
influenced  by  coupling  between  the  vertical  and  lateral  motion  of  the  TMS  as  it 
responds  to  the  load  transients.  Therefore,  it  is  necessary  that  the  complicated 
modes  of  vibration  characterizing  the  TMS  be  adequately  defined. 

A  large  finite  element  model  of  the  TMS  and  motor  combination  was  developed 
using  the  MSC/NASTRAN  computer  program.  The  finite  element  model  of  the  TMS  (shown 
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graphically  in  figure  4)  is  comprised  primarily  of  beam  elements.  Truss  elements 
were  used  to  represent  the  load-measuring  column  behavior;  the  flexures  were 
treated  as  pinned  connections.  Experimentally  obtained  axial  stiffness  coeffi¬ 
cients  for  the  load-measuring  columns  were  used  to  establish  the  equivalent  prop¬ 
erties  of  the  truss  elements. 

The  magnitude  of  the  effort  required  to  model  the  connections  using  three- 
dimensional  continuum  or  plate  elements  dictated  that  assumptions  be  made  regarding 
the  kinematic  behavior  of  the  connections.  It  was  often  necessary  to  idealize  a 
connection  as  being  either  fixed  or  pinned;  in  some  cases  linear  constraint  equa¬ 
tions  were  written  to  describe  the  kinematic  behavior  of  the  connections.  This 
type  of  connection  idealization  is  universally  used  in  the  day-to-day  application 
of  finite  element  programs  to  the  analysis  of  frame  structures;  it  is  also  one  of 
the  more  significant  approximations.  In  later  sections,  the  impact  of  the  connec¬ 
tion  modeling  assumptions  will  be  discussed  in  light  of  the  accuracy  of  the  computed 
modes .  ' 


Mass  and  stiffness  matrices  of  the  solid  rocket  motor  were  obtained  from  the 
motor  manufacturer  and  added  to  the  structural  model  of  the  TMS.  The  case  of  the 
motor  was  represented  using  shell  elements,  and  the  propellant  was  represented  by 
three-dimensional,  continuum-type  elements.  A  simplified  material  representation 
of  the  propellant  was  used  which  represented  its  anticipated  frequency  response 
characteristics.  However,  the  viscous  character  of  the  propellant  was  not  con¬ 
sidered. 


The  motor  and  TMS  models  were  combined  using  standard  substructuring  methods 
(references  1  and  2) .  Since  the  two  models  were  developed  by  two  different  compa¬ 
nies,  it  was  not  possible  to  use  the  automated  substructuring  techniques  available 
in  the  MSC/NASTRAN  computer  program.  Therefore,  the  partitioning  and  merging 
matrix  operations  necessary  to  combine  the  two  models  were  implemented  through 
direct  matrix  abstraction  program  (DMAP)  modifications  to  the  appropriate  rigid 
format  solution  modules.  The  partitioning  vectors  for  both  the  motor  and  TMS 
matrices  were  supplied  as  input  in  the  bulk  data  decks.  The  mass  and  stiffness 
matrices  representing  the  motor  were  transmitted  to  and  from  permanent  disc  storage 
using  the  INPUT4  and  0UTPUT4  10  modules. 


The  combined  TMS  and  motor  model  was  used  to  compute  the  first  thirty  natural 
frequencies  and  mode  shapes  of  the  system.  The  system  response  to  various  excita¬ 
tion  sources  was  obtained  through  superposition  of  the  modal  responses.  To  make 
the  analysis  more  manageable,  the  integration  of  the  uncoupled  equations  and  the 
subsequent  summation  of  the  modal  responses  were  performed  outside  of  NASTRAN,  using 
in-house  software  as  illustrated  in  figure  5.  Using  this  technique,  stresses  were 
obtained  in  an  interactive  manner  on  an  element-by-element  basis.  When  it  was 
determined  that  the  stress  history  in  a  particular  element  was  required,  the 
stress-displacement  matrix  for  that  element  was  created  using  the  geometric  and 
material  data  from  the  NASTRAN  bulk  data  deck.  The  appropriate  modal  displacements 
were  subsequently  determined  using  the  eigenvalues  and  time  histories  of  the 
generalized  coordinates;  the  appropriate  stresses  were  then  computed.  This  tech¬ 
nique  proved  to  be  very  efficient  and  significantly  decreased  the  amount  of  periph¬ 
eral  storage  required  to  retain  the  dynamic  stress  and  displacement  histories.  The 
only  quantities  saved  were  the  time  histories  of  the  generalized  coordinates  and 
the  mode  shapes,  or  eigenvectors.  It  was  also  very  convenient  since  the  analyst 
did  not  have  to  specify  which  displacements  and  stresses  he  wished  to  have  printed 
out  or  retained  prior  to  executing  the  actual  analysis  (as  required  by  many  finite 
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element  programs).  This  method  also  significantly  reduced  royalty  costs  associ¬ 
ated  with  using  MSC/NASTRAN,  since  NASTRAN  was  used  only  to  assemble  the  component 
matrices  and  compute  the  natural  frequencies  and  mode  shapes;  all  remaining  com¬ 
putations  were  performed  outside  of  NASTRAN. 


EXPERIMENTAL  MODAL  SURVEY 

In  recent  years  an  impact  testing  technique  commonly  referred  to  as  "modal 
analysis  testing"  has  been  developed  which  enables  the  natural  frequencies  and 
modal  properties  of  a  system  to  be  determined  experimentally.  In  addition,  the 
mode  shapes  may  be  displayed  in  animated  motion  on  a  graphics  computer  terminal. 

The  modal  analysis  methods  enable  the  structural  analyst  to  study  a  particular  mode 
of  the  structure  and  to  compare  the  frequency  and  mode  shape  to  those  obtained  from 
a  finite  element  analysis.  In  addition,  the  damping  associated  with  a  particular 
mode  can  be  obtained  and  used  as  input  to  the  finite  element  model.  One  benefit  of 
the  modal  analysis  method  is  that  it  provides  experimental  data  in  a  form  directly 
compatible  with  the  results  of  a  finite  element  analysis.  The  analyst  may  then 
evaluate  which  modes  are  accurately  represented,  and  may  gain  insight  as  to  how  the 
finite  element  model  may  be  improved. 

Modal  testing  requires  both  the  excitation  and  the  response  of  the  structure 
to  be  recorded.  The  excitation  and  response  time  histories  are  transformed  to  the 
frequency  domain,  and  the  frequency  response  function  relating  the  response  to  the 
excitation  is  obtained.  The  selective  acquisition  of  a  family  of  frequency  re¬ 
sponse  functions  having  a  common  excitation  point  enables  the  modal  parameters  of 
the  structure  to  be  obtained.  For  detailed  treatments  on  modal  analysis  methods, 
the  interested  reader  is  referred  to  references  2  through  10. 

To  adequately  define  the  complicated  mode  shapes  of  the  TMS  and  the  motor 
combination,  three-dimensional  accelerometer  readings  were  required  at  54  different 
locations  on  the  structure.  This  resulted  in  having  accelerometer  response  data 
at  almost  every  major  connection  on  the  structure  (figure  6) .  An  actual  motor 
having  an  inert  propellant  was  jsed  to  insure  that  the  dynamic  characteristics  of 
the  motor  were  properly  represented. 

The  quality  of  the  modal  analysis  results  is  directly  proportional  to  the 
quality  of  the  excitation  and  response  time  history  data.  A  major  problem  at  the 
onset  of  the  modal  analysis  effort  was  to  determine  how  to  excite  the  structure  to 
such  an  extent  that  the  low-frequency  response  (1-30  Hz)  of  the  structure  could  be 
measured.  It  is  a  relatively  easy  matter  to  excite  the  high-frequency  modes  of  a 
structure,  but  to  adequately  excite  the  low-frequency  modes  of  massive  structures 
is  not  as  simple.  In  addition,  a  time  constraint  required  that  the  modal  testing 
be  completed  within  a  short  time,  including  instrumentation  and  hardware  setup. 


Imp  ct  Method  No.  1 

Two  different  instrumentation  and  impact  device  configurations  were  tried. 

The  basic  idea  behind  the  first  setup  was  to  obtain  accelerometer  response  data  at 
as  many  locations  as  possible  for  each  impact.  The  advantage  of  this  approach  is 
that  it  enabled  the  experimental  data  to  be  obtained  quickly.  A  major  disadvantage 
is  that  every  channel  of  the  data  cannot  easily  be  visually  inspected  on  an  oscil¬ 
loscope  as  the  data  are  being  recorded.  Therefore,  it  is  net  known  until  the  data 


210 


are  being  reduced  whether  all  channels  contain  good  data. 

Accelerometers  available  for  this  test  were  in  the  5-  and  10-G  range  and  were 
of  the  strain  gage  type.  Computations  performed  using  the  finite  element  represen¬ 
tation  of  the  structure  indicated  that  a  400-kN  (90,000  lb)  impact  force  would  be 
required  to  excite  the  low-frequency  modes  sufficiently  to  obtain  a  good  signal. 

A  device  designed  to  deliver  the  impact  force,  shown  in  figure  7,  consisted  of  a 
pendulum  having  a  swing  radius  of  3.048m  (10  ft).  The  pendulum  bob  fa  10.16-cm 
(4  in.)-diam  by  60.96-cm  (24  in.)-long  steel  cylinder]  was  allowed  to  swing  free 
and  impact  on  the  anvil  containing  a  quartz  force  ring;  it  was  manually  caught  on 
rebound  to  prevent  multiple  impacts.  The  pendulum  impact  device  was  designed  to 
excite  modes  having  a  significant  participation  in  the  lateral  direction. 

Several  problems  were  encountered  which  limited  the  usefulness  of  the  pendulum 
impact  device  and  associated  instrumentation.  These  are  listed  below: 


1.  The  impact  devic  .-.u  not  yield  clean  impulse  time  domain  profiles  and 
corresponding  frequency  spectra.  Discontinuities  in  the  impact  anvil  and 
force  ring  assembly  resulted  in  partial  reflection  of  the  impact  force, 
and  the  "hammer"  chattered  with  the  anvil  surface  during  contact.  Details 
of  the  anvil  assembly  are  shown  in  figure  8. 

2.  Instrumentation  problems  prevented  obtaining  good  data  on  all  recorder 
channels  for  a  given  impact. 

3.  The  accelerometers  were  not  sensitive  enough  to  obtain  good  signal-to- 
noise  ratio  signals. 


Impact  Method  No.  2 

To  overcome  the  problems  encountered  with  the  high  energy  impact  setup,  a 
commercially  available  instrumented  sledge  hammer  and  a  high  sensitivity  seismic 
accelerometer,  shown  in  figure  9,  were  used.  The  sledge  hammer  is  capable  of 
developing  up  to  a  22-kN  (5,000  lb)  impact  load,  and  provided  a  flat  impulse  spec¬ 
trum  over  the  frequency  range  of  interest.  The  seismic  accelerometer  has  a  rated 
sensitivity  down  to  10“6  G,  and  weighs  approximately  one-half  kilogram  (one  pound). 
Response  data  obtained  using  this  hardware  were  on  the  order  of  10~^  G.  Compared 
to  the  first  impact  device,  the  instrumented  sledge  hammer  provided  a  relatively 
low  level  energy  input  into  the  system. 

The  data  were  obtained  using  a  roving  accelerometer  procedure  in  which  a  single 
accelerometer  was  moved  to  the  various  response  locations;  the  impact  location  was 
considered  the  reference  point  throughout  the  modal  analysis.  To  obtain  acceler¬ 
ometer  response  data  in  three  orthogonal  directions  of  each  data  location  on  the 
structure,  it  was  necessary  to  install  mounting  blocks  at  each  location.  The 
mounting  blocks  were  fabricated  to  provide  a  flat  surface  perpendicular  to  each 
of  the  three  measurement  directions.  A  typical  mounting  block  is  shown  in  figure 
3b,  with  a  triaxial  accelerometer  mounted  on  its  top  face. 

Since  only  one  single-axis  high  sensitivity  accelerometer  was  available,  it 
was  necessary  to  relocate  the  accelerometer  in  each  of  the  three  measurement 
directions  at  each  measurement  location.  This  was  the  most  time-consuming  opera¬ 
tion  of  the  entire  job.  To  ensure  that  all  modes  of  the  structure  had  been  excited. 
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three  different  impact  points  having  different  impact  directions  were  utilized. 

All  three  impact  points  were  located  on  the  aft  firing  ring  of  the  motor. 

This  method  requires  considerably  more  Lime  than  the  previous  method.  However, 
since  only  one  pair  of  response  and  impact  time  signals  was  being  recorded  simulta¬ 
neously,  it  was  possible  to  view  both  the  input  and  response  signals  on  an  oscillo¬ 
scope  as  they  were  being  recorded.  This  made  it  possible  to  ensure  that  good  data 
were  obtained  at  each  response  location.  This  proved  to  be  a  very  important 
feature. 


COMPARISON  OF  EXPERIMENTAL  AND  ANALYTICAL  RESULTS 

A  comparison  of  the  computed  and  experimentally  determined  frequencies  and 
mode  shapes  is  shown  in  Table  I.  As  seen  in  Table  I,  the  frequencies  and  general 
shape  of  the  modes  agreed  very  well  for  most  of  the  modes.  An  evaluation  of  the 
results  of  this  comparison  shows  that  the  finite  element  model  was  capable  of 
computing  those  modes  which  were  associated  with  the  load-measuring  columns  and 
motor  combination.  In  addition,  the  shell-type  modes  of  the  motor  were  represented 
well.  However,  modes  controlled  by  the  accumulated  flexibility  of  the  large 
structural  beam  connections  (4,  5,  and  8  of  Table  I)  were  not  in  good  agreement. 


CONCLUSIONS 

This  investigation  concludes  that  state-of-the-art  structural  analysis  comput¬ 
er  programs  such  as  NASTRAN  can  be  used  to  successfully  represent  the  dynamic 
characteristics  of  large  thrust-measuring  systems.  The  finite  element  model  must 
include  accurate  representations  of  all  major  components  comprising  the  system 
(i.e.,  thrust  butt,  load-measuring  columns,  motor,  and  propellant).  However,  it 
was  also  observed  that  the  finite  element  models  of  frame  structures  which  utili. ‘ 
kinematic  constraints  to  represent  complex  connections  may  not  represent  all  mode 
of  the  structure  accurately.  Fortunately,  for  the  situation  under  consideration, 
the  inaccurately  represented  modes  did  not  contribute  signific  :ly  to  the  response 
of  the  critical  members. 

The  dynamic  certification  effort  was  considered  successful  since  the  exper¬ 
imental  data  indicated  that  the  dominant  modes  expected  to  respond  to  the  ignition 
and  gimbaling  transients  were  adequately  represented  by  the  combined  finite  element 
model  of  the  motor  and  TMS. 

The  modal  analysis  results  identified  areas  in  the  TMS  which  were  "dynamically 
sensitive,"  and  a  careful  review  of  the  animated  mode  shapes  suggested  design 
changes  which  would  improve  the  dynamic  characteristics  of  the  TMS. 

The  commercially  available  instrumented  sledge  hammer  and  seismic  acceler¬ 
ometer  combination  provided  the  highest  quality  data,  and  enabled  the  data  to  be 
reviewed  as  it  was  being  taken.  The  ability  to  inspect  the  data  in  the  field 
proved  to  be  very  desirable  when  this  type  of  experiment  is  performed.  It  was 
concluded  that  relatively  low  input  force  levels  can  be  used  to  excite  the  low- 
frequency  modes  of  massive  structures  by  tuning  the  impact  spectrum  of  the  hammer. 

The  quality  of  the  animated  mode  shape  displays  was  adequate  to  determine 
the  basic  motion  of  the  structure.  However,  in  most  cases  one  or  more  of  the 
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points  in  the  animated  display  of  the  structure  were  in  obvious  error.  In  addition, 
it  was  difficult  to  discern  exactly  how  the  structure  was  deforming  durin'  of 

the  higher  frequency  modes. 

Modal  testing  is  a  valuable  tool  for  discerning  the  adequacy  of  a  finite 
element  representation,  and  can  be  successfully  applied  to  very  large  structures 
used  in  ground  test  facilities. 
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a.  Lower  frame  connection 
Figure  3.  Details  of  Major  Structural  Connections 
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Mid  frame  90-deg  connection 
Figure  3.  Continued 
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Figure  5.  Flow  of  Information  During  Computational  Study 
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Figure  8.  Impact  Anvil  Details 
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Figure  9.  I mpacl  and  Measurement  Devices 


DETERMINATION  OF  ELEVATOR  AND  RUDDER  HINGE  FORCES 

ON  THE  LEARJET  MODEL  55  AIRCRAFT 

Robert  R.  Boroughs  and  Viswa  Padmanabhan 
Gates  Learjet  Corporation 


SUMMARY 


The  empennage  structure  on  the  Learjet  55  aircraft  was  quite  similar  to  the 
empennage  structure  on  earlier  Learjet  models.  However,  due  to  an  important  struc¬ 
tural  change  in  the  vertical  fin  along  with  the  new  loads  environment  on  the  50 
series  aircraft,  a  structural  test  was  required  on  the  vertical  fin,  but  the  hori¬ 
zontal  tail  was  substantiated  by  a  comparative  analysis  with  previous  tests. 

NASTRAN  analysis  was  used  to  investigate  empennage  deflections,  stress  levels,  and 
control  surface  hinge  forces.  The  hinge  force  calculations  were  made  with  the 
control  surfaces  in  the  deflected  as  well  as  undeflected  configurations.  A  skin 
panel  buckling  analysis  was  also  performed,  and  the  non-linear  effects  of  buckling 
were  simulated  in  the  NASTRAN  model  to  more  accurately  define  internal  loads  and 
stress  levels.  Comparisons  were  then  made  between  the  Model  55  and  the  Model  35/36 
stresses  and  internal  forces  to  determine  which  components  were  qualified  by  previ¬ 
ous  tests.  Some  of  the  methods  and  techniques  used  in  this  analysis  have  been 
described  in  the  following  paragraphs. 


INTRODUCTION 


Features  in  the  55  empennage  section  that  were  identical  to  previous  Learjet 
models  included  the  horizontal  tail,  elevators,  and  the  upper  portion  of  the  verti¬ 
cal  fin  and  rudder  (see  figure  1).  The  most  significant  change  in  the  empennage 
occurred  in  the  lower  portion  of  the  vertical  fin  and  rudder  which  were  expanded 
using  the  same  taper  ratio  and  airfoil  contour  as  the  upper  portion  so  that  the 
total  height  of  the  vertical  fin  and  rudder  was  increased  by  approximately  15  inches. 
Since  the  vertical  tail  increased  in  size  and  the  vertical  fin  spar  depths  and 
spacings  changed  at  the  intersection  with  the  tailcone,  an  entirely  new  tailcone 
section  was  designed  to  support  the  empennage  section.  Control  systems  for  the  ele¬ 
vators  and  rudder  were  nearly  the  same  as  the  previous  controls  in  this  area  with 
the  exception  of  the  15  inch  height  increase  in  the  vertical  tail  and  the  geometry 
changes  in  the  tailcone. 

Construction  in  the  vertical  tail  consisted  of  five  spars  and  eight  ribs  made 
of  bent  up  aluminum  sheet  metal  covered  with  an  aluminum  skin.  The  rudder  was 
assembled  with  one  spar,  eleven  ribs,  and  a  thin  skin  cover,  all  of  which  were  alum¬ 
inum  sheet  metal  fabrication.  Support  for  the  rudder  was  accomplished  through 
three  hinge  points.  Two  of  these  hinges,  the  top  and  center  attachments,  connected 
the  rudder  leading  edge  to  the  rear  spar  of  the  vertical  stabilizer  while  the  third 
hinge  point,  or  bottom  support,  was  attached  to  the  aft  side  of  frame  48  through  a 
torque  tube  and  bracket  support  assembly  (see  figure  2).  Near  the  lower  end  of 
this  torque  tube  was  mounted  a  bellcrank  assembly  which  provided  the  means  for 
actuating  and  controlling  the  rudder  surface. 
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Structural  arrangement  of  the  horizontal  tail  included  a  forward  and  rear  spar 
with  three  intermediate  stringers  on  both  the  upper  and  lower  surfaces,  seven  ribs 
per  side,  and  upper  and  lower  skin  panels.  The  elevators  were  one  spar  airfoil 
sections  with  nine  ribs  per  side  which  were  covered  with  an  aluminum  skin.  Each 
elevator  was  attached  to  the  horizontal  stabilizer  by  three  hinge  points  along  the 
elevator  leading  edge.  The  tip  and  center  span  hinges  both  connected  directly  to 
the  rear  spar  of  the  horizontal  stabilizer,  but  the  inboard  hinge  attachment  was 
very  similar  to  the  lower  hinge  on  the  rudder.  The  elevator  inboard  hinge  consisted 
of  a  torque  tube  assembly  which  was  supported  at  the  horizontal  stabilizer  rear  spar 
and  aircraft  center  line  by  a  bracket  assembly.  This  bracket  install  ion  served 
as  a  support  for  both  the  right  hand  and  left  hand  elevators  at  the  inboard  end 
(see  figure  3).  Actuation  and  control  of  the  elevators  was  achieved  through  indi¬ 
vidual  bellcranks  on  the  inboard  end  of  each  torque  tube.  These  bellcrank  assem¬ 
blies  were  then  connected  by  a  push  rod  linkage  system  which  extended  through  the 
vertical  stabilizer  to  a  control  system  sector  in  the  fuselage  tailcone. 


SYMBOLS 

Aj  X,  Y,  and  Z  components  of  a  point  at  the  origin  for  a  C0RD2R  card 

a  rotation  about  the  x  axis  for  element  internal  forces 

Bj  X,  Y,  and  Z  components  of  a  point  on  the  Z  axis  for  a  C0RD2R  card 

8  rotation  about  the  Y  axis  for  element  internal  forces 

Ci  X,  Y,  and  Z  components  of  a  point  in  the  X-Z  plane  for  a  C0RD2R  card 
internal  force  component 

Y  rotation  about  z  axis  for  element  internal  forces 

Hq  coordinate  values  of  a  deflected  control  surface  transformed  to  the 
basic  system 

H|_  coordinate  values  of  a  deflected  control  surface  in  a  local  system 
coordinate  values  corrected  for  hinge  line  sweep 
H@  coordinate  values  corrected  for  control  surface  rotation 
A  hinge  line  sweep 

TA  transformation  matrix  for  hinge  line  sweep 

Te  transformation  matrix  for  control  surface  rotation 

e  control  surface  rotation 

x  first  coordinate  of  a  point  in  a  local  rectangular  system 

y  second  coordinate  of  a  point  in  a  local  rectangular  system 
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i  third  coordinate  of  a  point  in  a  local  rectangular  system 

X  first  coordinate  of  a  point  in  the  basic  rectangular  system 

Y  second  coordinate  of  a  point  in  the  basic  rectangular  system 
Z  third  coordinate  of  a  point  in  the  basic  rectangular  system 


BACKGROUND 


Since  the  Model  55  empennage  structure  was  very  similar  to  the  Model  35/36 
empennage  structure  and  other  earlier  empennage  structures,  Lear jet  was  faced  with 
the  situation  on  the  50  series  development  program  of  determining  which  structural 
items  were  qualified  by  previous  certification  tests  and  which  structural  items 
needed  to  be  requalified.  The  vertical  tail  and  tailcone  support  structure  was 
obviously  one  area  which  had  to  be  qualified  by  structural  test,  since  the  height 
of  this  component  had  been  increased  on  the  50  series  aircraft.  A  portion  of  the 
NASTRAN  analysis  on  that  structure  has  been  detailed  in  NASA  CP-2151  (see  ref.  1) 
and  consequently  has  not  been  addressed  in  this  text.  However,  a  description  of 
the  NASTRAN  anjl„  'is  performed  on  the  rudder  and  rudder  hinges  was  not  covered  in 
that  document  and  has  been  incorporated  in  the  body  of  this  paper. 

A  review  of  the  loads  for  the  50  series  aircraft  helped  to  further  clarify 
some  of  these  questions,  but  for  some  structural  components  the  answer  was  not 
obvious  and  more  study  was  necessary.  One  area  where  this  was  particularly  true 
was  the  horizontal  tail  installation.  This  situation  was  mainly  due  to  a  revised 
loads  definition  for  the  horizontal  tail  where  the  comDination  of  new  loads  was  not 
directly  comparable  to  the  older  load  conditions.  Also,  a  faster  method  was  needed 
for  calculating  elevator  hinge  forces  for  the  various  load  conditions  and  deflected 
elevator  configurations.  Previously,  hinge  forces  had  been  calculated  using  methods 
which  were  very  tedious,  time  consuming,  and  not  very  adaptable  to  changes  in 
elevator  position. 


To  help  clarify  these  questions  a  NASTRAN  analysis  was  performed  on  the  empen¬ 
nage  structure  for  the  various  load  conditions  and  control  surface  positions  so 
that  a  comparison  could  be  made  between  the  deflections,  stresses,  and  internal 
loads  on  the  55  empennage  with  the  35/36  empennage.  Previous  structural  tests  had 
demonstrated  that  the  horizontal  stabilizer  and  elevators  on  the  35/36  aircraft 
had  the  capability  to  sustain  150%  of  ultimate  load  (not  limit  load)  for  two  of 
the  more  critical  conditions  on  that  airplane.  The  150%  of  ultimate  load  tests 
were  performed  to  more  accurately  define  the  strength  of  the  horizontal  stabilizer 
and  elevators  as  well  as  establish  the  growth  capability  of  this  structure.  Con¬ 
sequently,  a  portion  of  the  NASTRAN  analysis  was  spent  simulating  the  35/36  load 
conditions  in  order  to  establish  a  baseline  for  the  50  series  analysis.  Then  the 
50  series  loads  were  applied  to  the  NASTRAN  model  and  a  comparison  was  made  between 
these  data  and  the  35/36  data.  Using  this  approach  Learjet  was  able  to  more 
clearly  define  which  elements  were  qualified  by  previous  certification  tests  and 
which  members,  if  any,  need  to  be  qualified  in  the  50  series  substantiation  pro¬ 
gram.  This  data  base  would  also  help  to  establish  what  components  needed  to  be 
qualified  iri  future  growth  versions  and/or  modifications  to  the  existing  config¬ 
uration. 
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MODELING  CRITERIA 


The  NASTRAN  model  used  to  represent  the  empennage  section  included  the  ver¬ 
tical  stabilizer,  rudder,  horizontal  stabilizer,  elevators,  and  tailcone  section 
(see  figure  1).  The  tailcone  was  utilized  in  the  model  to  more  accurately  des¬ 
cribe  the  flexibility  and  stiffness  of  the  vertical  tail,  since  the  spars  from  the 
vertical  tail  extended  into  and  were  attached  to  the  tailcone.  A  significant  por¬ 
tion  of  the  control  system  connecting  the  rudder  and  elevators  was  also  modeled 
to  more  accurately  define  the  effect  of  control  system  flexibility  on  the  deflec¬ 
tion  of  the  control  surfaces  and  hinge  forces. 

Since  this  structure  was  geometrically  quite  complex,  multiple  local  coor¬ 
dinate  systems  were  used  to  simplify  the  modeling  and  to  make  the  analysis  easier 
to  perform  for  the  different  control  system  deflected  configurations.  Each  frame 
in  the  tailcone  section  was  modeled  in  a  local  cylindrical  coordinate  system  while 
the  vertical  fin  and  horizontal  stabilizer  were  modeled  in  a  local  rectangular 
coordinate  system.  The  rudder  and  elevators  were  all  modeled  in  local  rectangular 
systems  with  the  V  axis  of  each  coordinate  system  defined  along  the  hinge  line. 
This  type  of  coordinate  system  definition  permitted  the  rotation  of  each  control 
surface  about  the  hinge  line  by  simply  transforming  the  C0RD2R  card  (see  ref.  2) 
rather  than  changing  all  of  the  grid  point  coordinates  in  the  control  surface  to 
reflect  the  deflected  position.  Rotation  of  the  control  surface  about  the  hinge 
line  thus  permitted  the  calculation  of  hinge  forces  for  various  control  surface 
movements.  This  technique  also  facilitated  a  study  of  vertical  fin  and  horizon¬ 
tal  stabilizer  internal  forces  and  stresses  for  various  control  surface  positions. 

The  model  for  this  structure  was  approximately  5700  degrees  of  freedom  in 
size  with  959  nodes  and  2800  elements.  Local  coordinate  systems  totaled  seven¬ 
teen  which  consisted  of  both  rectangular  and  cylindrical  reference  systems.  Since 
the  results  of  previous  static  tests  had  indicated  that  skin  panel  buckling  was 
present,  a  buckling  analysis  was  implemented  to  identify  buckled  skin  panels  and 
to  simulate  this  non-linear  phenomenon  in  the  NASTRAN  analysis  (see  ref.  3).  This 
buckling  simulation  was  achieved  by  replacing  the  original  skin  thickness  of  the 
buckled  panel  with  an  effective  skin  thickness  which  represented  the  stiffness  of 
the  buckled  configuration.  The  buckling  analysis  and  effective  skin  thickness 
calculation  were  performed  by  a  computer  program  which  was  set  up  to  run  as  a  post 
processor  to  the  NASTRAN  program.  This  process  generally  had  to  be  repeated 
several  times  in  order  to  obtain  a  convergent  solution.  A  more  detailed  descrip¬ 
tion  of  the  theory  behind  this  analysis  has  been  presented  in  NASA  TMX  3428  and 
further  discussion  will  not  be  covered  in  this  text. 


TAILCONE 
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Incorporation  of  the  tailcone  section  with  the  empennage  model  was  done  to 
more  accurately  define  the  stiffness  relationship  between  these  two  components. 
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frame  48  (see  figure  1). 
defining  the  grid  points 
drical  coordinate  system 


Structure  fruni  frame  33  Lu 
The  modeling  of  this  structure  was  accomplished  by 
at  each  frame  and  stringer  intersection  in  a  local  cyl in- 
in  the  plane  of  the  frame  using  C0RD2C  cards  (see  ref.  2). 


NASTRAN  members  used  to  model  this  structure  were  BAR  elements  for  the  frames, 
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CONROD  elements  for  '*■  ’  '  -''■'r--  ''  -■« . for  skin  panels  ■-  <1 

doublers.  A  baggage  door  on  cue  iert  nand  side  of  the  tailcone  did  not  have  sig¬ 
nificant  structural  carry  through  capability  and  was  omitted  to  conserve  degrees 
of  freedom.  The  keel  beam  structure  that  extended  from  frame  39  to  41  in  this 
section  was  modeled  using  CONROD  elements  for  the  caps,  SHEAR  elements  for  the  side 
webs,  and  QDMEM2  elements  for  the  horizontal  webs. 


VERTICAL  TAIL 


Two  separate  local  rectangular  coordinate  systems  were  used  to  facilitate  the 
definition  of  grid  point  locations  in  the  vertical  fin  and  rudder  (see  figure  2). 

The  local  rectangular  coordinate  system  for  the  vertical  fin  was  defined  using  a 
C0RD2R  card  with  the  origin  located  on  the  center  line  of  the  airplane  at  the  inter¬ 
section  of  the  vertical  tail  leading  edge  and  the  tailcone  upper  surface.  The  X 
axis  was  defined  as  positive  aft,  the  Y  axis  was  defined  as  positive  up,  and  the  Z 
axis  was  defined  as  positive  left  hand  outboard.  The  local  rectangular  coordinate 
system  for  the  rudder  was  defined  using  a  C0RD2R  card  with  the  origin  on  the  rudder 
hinge  line  at  the  lower  end  of  the  rudder  torque  tube.  Orientation  of  the  X  axis 
was  positive  aft  and  slightly  down  (for  zero  degree  rudder  deflection),  the  Y  axis 
was  positive  up  along  the  rudder  hinge  line,  and  the  Z  axis  was  positive  left  hand 
outboard. 

Grid  points  were  located  at  the  intersection  of  the  spar  caps  and  rib  caps 
on  both  the  right  hand  and  left, hand  outer  contours  of  the  vertical  tail.  The 
spar  caps  in  the  region  of  the  fuselage  frames  were  modeled  using  BAR  elements 
while  the  remainder  of  the  spar  caps  and  rib  caps  were  simulated  by  CONROD  elements. 
Skin  panels  were  represented  by  QDMEM2  members,  although  there  were  some  triangu¬ 
lar,  TRMEM,  membrane  elements  used  to  describe  intricate  corners.  SHEAR  elements 
were  used  to  represent  the  spar  and  rib  webs. 

Attachment  of  the  rudder  to  the  vertical  fin  was  accomplished  through  two 
hinges  from  the  aft  spar  of  the  vertical  fin  to  the  leading  edge  of  the  rudder. 

The  hinge  model  consisted  of  a  framework  of  eight  CONRODs  that  connected  the  hinge 
point  to  a  rudder  rib  on  the  aft  side  and  to  a  vertical  fin  rib  on  the  forward 
side.  The  first  group  of  four  CONRODs,  or  the  aft  hinge,  connected  the  hinge  point 
to  four  points  on  the  adjacent  rudder  rib,  while  the  second  group  of  four  CONRODs, 
or  the  forward  hinge,  connected  the  hinge  point  to  four  grid  points  on  the  adjacent 
vertical  fin  rib  (see  figure  2).  This  method  of  modeling  facilitated  an  easier 
computation  of  hinge  loads  through  a  resolution  of  forces  in  the  CONRODs  into 
forces  in  a  predefined  coordinate  system  by  using  a  series  of  transformation  equa¬ 
tions.  The  torque  load  in  the  rudder  was  restrained  by  a  bellcrank  mounted  on  a 
torque  tube  whose  axis  coincided  with  the  hinge  line  of  the  rudder.  This  torque 
tube  was  attached  to  the  bottom  of  the  rudder  on  one  end  and  to  a  bracket  support 
on  the  aft  side  of  frame  48  on  the  other  end.  BAR  elements  were  used  to  model  the 
torque  tubes  and  the  bellcrank  assembly  which  actuated  and  controlled  the  rudder 
rotation  at  the  bottom  of  the  torque  tube.  Modeling  of  the  bracket  support  on 
frame  48  was  accomplished  using  CONRODs  for  the  stiffeners  and  QDMEM2  membranes 
for  the  webs. 
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HORIZONTAL  TAIL 


The  horizontal  tail  consisted  of  the  horizontal  stabilizer  and  right  hand  and 
left  hand  elevators.  Attachment  of  the  horizontal  stabilizer  to  the  vertical  fin 
was  accomplished  through  a  hinge  point  on  the  top  of  the  vertical  fin  between  spars 
three  and  four  and  a  screwjack  attached  to  the  horizontal  stabilizer  apex  and  spar 
two  of  the  vertical  fin.  Rotation  of  the  horizontal  tail  could  then  be  achieved 
through  actuation  of  this  screwjack.  The  elevators  were  attached  to  the  rear  spar 
of  the  horizontal  stabilizer  through  three  hinges  on  each  side. 

Three  separate  local  rectangular  coordinate  systems  were  created  using  the 
C0RD2R  facility  in  NASTRAN  to  model  the  horizontal  tail  structure.  These  local 
coordinate  systems  were  used  to  describe  the  horizontal  stabilizer,  right  hand  ele¬ 
vator,  and  left  hand  elevator.  Layout  of  the  horizontal  stabilizer  local  rectan¬ 
gular  coordinate  systems  was  established  with  the  origin  located  at  tne  horizontal 
stabilizer  apex  with  the  X  axis  positive  aft,  the  Y  axis  positive  left  hand  out¬ 
board,  and  the  Z  axis  positive  down.  Orientation  of  the  left  hand  elevator  local 
rectangular  coordinate  system  was  defined  with  the  origin  at  the  intersection  of 
the  hinge  line  and  aircraft  center  plane  with  the  X  axis  perpendicular  to  the  hinge 
line  and  positive  aft,  the  Y  axis  coincident  with  the  hinge  line  and  positive  left 
hand  outboard,  and  the  Z  axis  perpendicular  to  the  X-Y  plane  and  positive  down.  The 
right  hand  elevator  local  rectangular  coordinate  system  was  similar  to  the  left  hand 
elevator  with  some  differences  in  positive  axes  directions.  The  origin  for  the 
right  hand  elevator  coordinate  system  was  the  same  as  the  left  hand  elevator;  how¬ 
ever,  the  X  axis  was  perpendicular  to  the  right  hand  hinge  line  and  positive  for¬ 
ward,  the  Y  axis  coincided  with  the  right  hand  hinge  line  and  was  positive  right 
hand  outboard,  and  the  Z  axis  was  perpendicular  to  the  X-Y  plane  and  was  positive 
up.  One  important  advantage  of  the  separate  coordinate  systems  for  the  elevators 
was  the  ease  and  improved  flexibility  of  analyzing  the  elevators  and  horizontal 
stabilizer  with  the  elevators  in  various  deflected  positions. 

Grid  points  in  the  horizontal  tail  were  specified  in  relation  to  J  appro¬ 
priate  coordinate  system  depending  on  whether  the  point  was  in  the  '  ,al 

stabilizer,  right  hand  elevator,  or  left  hand  elevator.  Location  of  *  id 
points  was  defined  by  the  intersection  of  the  spars  and  stringers  witn  che  ribs 
and  by  the  exterior  contour.  As  in  the  vertical  fin,  the  spar  caps,  stringers  and 
rib  caps  were  represented  by  CONRODs,  the  spar  and  rib  webs  were  SHEAR  elements 
and  the  skin  panels  were  modeled  using  QDMEM2  and  TRMEM  members  in  the  horizontal 
stabilizer  while  QUAD2  and  TRIA2  elements  were  used  in  the  elevators.  BAR  ele¬ 
ments  were  used  to  simulate  the  elevator  trailing  edges. 

Attachment  of  the  elevators  to  the  horizontal  stabilizer  rear  spar  was  accom¬ 
plished  by  three  hinges  on  each  elevator.  These  hinges  were  designated  by  the 
spanwise  location  and  were  referred  to  as  the  inboard  hinge,  center  hinge,  and  tip 
hinge  (see  figure  3).  The  center  and  tip  hinges  were  modeled  as  a  framework  of 
eight  CONRODs  that  connected  the  hinge  point  to  an  elevator  rib  and  a  horizontal 
stabilizer  rib.  The  first  group  of  four  CONRODs,  or  aft  hinge,  connected  the  hinge 
point  to  four  grid  points  on  an  elevdtur  rib,  while  the  second  group  of  four 
CONRODs,  or  forward  hinge,  connected  the  hinge  point  to  four  grid  points  on  a 
horizontal  stabilizer  rib  (see  figure  3).  The  torque  load  on  the  elevator  was 
reacted  by  a  bell  crank  mounted  on  a  torque  tube  whose  axis  coincided  with  the  ele¬ 
vator  hinge  line.  There  were  two  of  these  bellcrank/torque  tube  assemblies,  one 
for  each  side.  The  torque  tube  attached  to  the  elevator  on  the  tube's  outboard 
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end  and  to  a  bracket  support  mounted  on  the  horizontal  stabilizer's  rear  spar  on  the 
airplane  center  line  on  the  tube's  inboard  end.  Both  torque  tubes  and  bell  cranks 
were  modeled  using  BAR  elements,  while  the  center  line  bracket  support  assembly 
was  modeled  using  CONRODs. 


CONTROL  SYSTEM 


A  portion  of  the  control  system  connecting  the  rudder  and  elevator  has  also 
been  included  in  the  modeling  of  the  empennage  section  to  more  accurately  define 
the  effect  of  control  system  stiffness  on  the  deflection  of  these  control  surfaces 
and  in  particular  the  associated  hinge  forces.  Rudder  motion  on  the  Learjet  M55 
aircraft  was  accomplished  by  rudder  pedal  movement  which  was  transferred  by  a 
closed  loop  cable  assembly  which  drove  a  bellcrank  mounted  on  the  rudder  torque 
tube  (see  figure  4).  The  aft  portion  of  this  cable  system  was  included  in  the 
finite  element  model  and  was  represented  by  CONROD  elements  with  the  side  of  the 
closed  loop  cable  system  that  was  not  in  tension  removed.  The  CONROD  elements 
representing  the  cables  were  extended  into  the  tailcone  section  where  the  forward 
end  of  this  member  was  attached  to  a  pulley  which  was  restrained  against  rotation. 

Elevator  deflection  on  this  aircraft  was  achieved  by  control  column  movement 
which  was  transferred  through  a  closed  loop  cable  assembly  and  a  push-pull  rod 
linkage  system.  The  upper  portion  of  the  push  rod  system  consisted  of  two  round 
tubes  which  were  attached  to  the  bellcranks  on  the  left  and  right  elevators  respec¬ 
tively.  The  other  end  of  these  two  push  rods  were  joined  to  a  down  spring  linkage 
mounted  on  the  aft  side  of  spar  three  in  the  vertical  fin.  A  single  round  tube  was 
used  in  the  lower  portion  of  the  push  rod  system.  This  shaft  was  connected  to  the 
down  spring  linkage  on  the  top  end  and  to  a  sector  on  the  bottom  end  (see  figire  5). 
The  portion  of  the  elevator  control  system  that  was  included  in  the  empennage 
model  consisted  of  the  elevator  bellcranks,  upper  push  rods,  down  spring  linkage, 
and  lower  push  rod  which  was  constrained  at  the  lower  end  for  the  NASTRAN  analysis. 
The  grid  points  that  defined  the  top  and  bottom  points  of  the  lower  push  rod  were 
defined  in  separate  local  cylindrical  coordinate  systems.  This  was  done  so  that 
these  grid  points  could  be  moved  with  the  elevator  motion  by  using  a  simple  set  of 
transformation  equations.  The  push-pull  rods  were  modeled  with  CONRODs,  whereas 
the  bellcranks  and  down  spring  linkage  were  represented  by  an  assemblage  of  BAR 
elements. 

The  horizontal  stabilizer  rotation  about  the  hinge  point  between  spar  three 
and  four  on  top  of  the  vertical  fin  was  achieved  by  a  screwjack  actuator  attached 
to  the  horizontal  stabilizer  apex.  A  BAR  element  was  used  to  represent  the  screw- 
jack.  One  end  of  this  BAR  element  was  attached  to  a  fitting  on  the  forward  side 
of  spar  two  in  the  vertical  fin,  and  the  other  end  was  connected  to  a  fitting 
mounted  on  the  horizontal  stabilizer  center  line.  The  fittings  that  attached  the 
screwjack  actuator  at  both  ends  were  also  modeled  using  BAR  elements. 
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LOADS  AND  CONSTRAINTS 


Many  different  load  conditions  were  analyzed  using  the  NASTRAN  empennage  model. 
A  correlation  analysis  was  performed  on  the  horizontal  tail  using  a  positive  gust 
with  top  roll  moment  load  condition  from  the  35/36  fatigue  test  spectrum.  This  load 
case  was  selected  basically  because  earlier  tests  did  not  have  sufficient  instru¬ 
mentation  to  perform  a  correlation  analysis,  and  this  particular  case  was  one  of 
the  higher  load  conditions  in  the  35/36  fatigue  test  spectrum.  Since  the  corre¬ 
lation  analysis  for  the  vertical  tail  was  described  in  a  previous  NASA  paper  (See 
ref.  1),  the  results  of  that  work  were  not  presented  here.  The  analysis  of  the 
Learjet  55  vertical  tail  described  in  this  paper  was  directed  mainly  at  rudder 
hinge  force  calculations.  The  load  case  applied  to  the  vertical  tail  for  these 
rudder  hinge  force  calculations  was  a  maximum  side  bending  with  rudder  kick  load 
condition. 


NASTRAN  runs  were  made  for  all  of  the  35/36  horizontal  tail  static  test  loads. 
These  conditions  were  run  in  order  to  establish  a  baseline  for  the  Model  55  analy¬ 
sis  so  that  a  determination  could  be  made  as  to  whether  any  of  the  55  horizontal 
tail  internal  loads  and  stresses  exceeded  those  on  the  35/36  horizontal  tail.  Since 
some  of  the  35/36  load  cases  were  tested  to  150%  ultimate  load,  there  was  good 
reason  to  believe  that  the  55  horizontal  tail  load  conditions  were  covered  by  the 
previous  35/36  static  tests.  The  35/36  loads  were  applied  to  the  horizontal  sta¬ 
bilizer  and  elevators  with  the  elevators  in  the  neutral,  or  undeflected  position, 
the  15°  up  position  and  the  15°  down  position.  The  loads  definition  for  the  Model 
55  horizontal  tail  was  somewhat  different  from  the  35/36  horizontal  tail.  There 
were  many  more  load  cases  for  the  Model  55  airplane  than  for  the  35/36  airplane, 
and  a  direct  comparison  was  not  easily  achievable  for  many  of  these  conditions. 
Consequently,  internal  loads  and  stresses  were  determined  for  the  55  horizontal  tail 
load  conditions  with  the  elevators  in  the  undeflected  and  deflected  positions  using 
NASTRAN  analysis  in  order  to  establish  a  common  basis  for  comparison  with  the  35/36 
internal  loads  and  stresses. 


Loads  were  applied  to  the  vertical  fin,  rudder,  horizontal  stabilizer  and 
elevators  using  FORCE  card  images  (See  ref.  2).  These  forces  were  applied  at  the 
grid  points  to  simulate  the  shear,  bending  and  torque  envelopes  for  these  air¬ 
foil  surfaces.  A  computer  program  was  written  which  accepted  concentrated  forces 
from  the  test  loads  data  as  input  and  redistributed  these  forces  proportionately 
to  the  four  nearest  grid  points  according  to  the  distance  from  those  nodes  and 
generated  FORCE  card  images  as  output. 


Constraints  for  the  empennage  model  were  applied  at  several  locations.  The 
majority  of  constraints  were  applied  along  the  perimeter  of  frame  39  (See  figure  2) 
in  all  three  translational  degrees  of  freedom  at  the  frame  and  stringer  inter¬ 
sections.  Other  constraints  were  applied  to  the  rudder  control  system  and  elevator 
control  system.  The  rudder  control  system  was  constrained  by  attaching  the  forward 
end  of  the  tailcone  rudder  cable  to  a  frame  in  the  tailcone  section.  The  elevator 
control  system  was  restrained  by  using  SPC,  single  point  constraints,  (See  ref.  2) 
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CONTROL  SURFACE  ROTATION 


Grid  coordinates  on  the  control  surfaces  were  specified  with  respect  to  the 
appropriate  rudder  or  elevator  local  rectangular  coordinate  system.  These  local 
coordinate  systems  were  initially  defined  for  the  control  surface  in  the  undeflected 
position.  However,  the  control  surface  could  be  deflected  or  rotated  without 
changing  the  grid  point  coordinates  merely  by  rotating  the  local  coordinate  system. 
This  was  accomplished  by  modifying  the  C0RD2R  card  image  in  the  bulk  data  deck  by 
transforming  the  original  axes  reference  to  a  new  axes  reference. 

The  C0RD2R  card  image  in  the  bulk  data  deck  for  each  control  surface  defined 
a  rectangular  coordinate  system  by  reference  to  three  points.  The  first  point  "A" 

(Al,  A2,  A3)  defined  the  origin  of  the  local  coordinate  system  (See  figure  6).  The 
second  point  "B"  (Bl,  B2,  B3)  defined  the  direction  of  the  "Z"  axis,  and  the  third 
point  "C"  (Cl,  C2,  C3)  defined  a  point  in  the  X-Z  plane.  The  basic  coordinate  system 
was  used  as  the  reference  system  for  these  points  (See  ref.  2).  The  origin  for  the 
basic  system  was  defined  at  fuselage  station  (F.S.)  0.00,  butt  line  (B.L.)  0.00, 
and  waterline  (W.L.)  0.00  with  the  "X"  axis  positive  aft,  "Y"  axis  positive  left 
hand  outboard,  and  the  "Z"  axis  positive  down.  Components  of  A,  B,  and  C  were  defined 
on  the  C0RD2R  card  image  by  means  of  a  simple  series  of  transformations  described  by 
the  following  matrix  equations. 

[He]  ■  [Te]  x  [Hi]  <!> 

The  equation  shown  above  converts  coordinates  in  a  swept  deflected  control 
surface  to  coordinates  in  a  swept  undeflected  control  surface.  Equation  (2)  shown 
below  transformed  the  coordinates  in  equation  (1)  to  coordinates  parallel  to  a 
fuselage  reference  system  corrected  for  the  hinge  line  sweep  angle  X. 

K]  ■  [Tx]*  [He]  <2> 

Substituting  equation  (1)  into  equation  (2)  and  then  referencing  these  values 
to  the  basic  system  with  an  matrix  resulted  in  equation  (3). 

[hg]  ■  [Vj*  [Te]  x  ["l]  +  M  <3> 

Equation  (3)  was  used  to  calculate  the  components  of  points  "B"  and  "C"  on  the 
C0RD2R  card  which  defined  the  rotated  control  surface. 


HINGE  LOAD  CALCULATION 


As  indicated  previously,  the  hinges  were  modeled  using  CONRODS  and/or  Bar  elements. 
Since  the  hinge  point  had  to  be  in  equilibrium  under  the  action  of  the  internal  element 
forces,  the  resultant  of  the  forces  from  the  elements  on  the  aft  side  of  the  hinge  line 


must  be  equal  and  opposite  to  the  resultant  from  the  elements  on  the  forward  side 
of  the  hinge  line.  This  force  on  the  forward  hinge  member  was  defined  as  the  hinge 
force  for  each  of  the  control  surface  support  points. 

Internal  forces  in  the  CONRODs  and  BARs  were  extracted  from  the  NASTRAN  output 
for  a  given  load  case.  The  forces  in  the  hinge  elements  were  then  rotated  into  a 
common  coordinate  system  through  a  series  of  transformations  (See  figure  7).  The 
three  force  components  in  the  element  coordinate  system  were  then  defined  as  Fxe»  Fyg, 
and  FzE.  Orientation  of  the  element  coordinate  system  was  defined  by  the  two  end 
points  of  the  member  and  a  1/  vector,  if  the  element  was  a  BAR  (See  ref.  2).  Ele¬ 
ment  grid  point  components  x/\»  y/\,  z/\  and  xg,  yg,  zg  (See  figure  7)  established  the 
basis  for  transforming  the  element  forces  to  a  common  coordinate  system.  This  was 
accomplished  by  rotating,  or  transforming,  these  forces  through  three  angles  a,  B, 
and  y.  Upon  calculation  of  these  three  rotations,  the  transformation  matrices  were 
formed  as  shown  in  figure  7.  The  element  forces  FXr,  Fyg,  and  Fzg  were  then  resolved 
in  the  common  X,  Y,  Z  directions,  and  then  the  hinge  force  components  were  determined 
by  summing  the  resolved  individual  element  forces. 

A  small  computer  program  was  written  to  perform  the  transformation  from  the 
element  coordinate  system  to  the  common  reference  coordinate  system.  This  program 
also  accounted  for  the  effect  of  control  surface  rotation.  Hinge  loads  were  com¬ 
puted  on  both  sides  of  the  hinge  line  as  a  check  on  the  transformation  calculations. 
The  hinge  loads  at  all  the  hinge  points  plus  the  loads  at  the  intersection  of  the 
torque  tubes  and  bell  cranks  were  also  summed  to  check  the  equilibrium  of  these  hinge 
loads  with  the  control  surface  applied  loads. 


BUCKLING  ANALYSIS 


A  comparison  of  skin  cover  compressive  stresses  with  the  corresponding  panel 
buckling  allowables  indicated  the  presence  of  skin  panel  buckling  for  several  load 
cases.  Consequently,  an  automated  buckling  analysis  was  implemented  to  identify 
buckled  skin  panels  and  to  simulate  this  non-linear  phenomenon  in  the  NASTRAN  analy¬ 
sis.  The  buckling  simulation  was  achieved  by  replacing  the  original  skin  thickness 
of  the  buckled  panel  with  an  effective  skin  thickness  which  represented  the  stiff¬ 
ness  of  the  buckled  configuration.  A  detail  description  of  the  theory  for  this 
analysis  has  been  described  in  reference  3.  The  buckling  analysis  and  effective 
skin  thickness  calculation  were  coded  into  a  computer  program  which  was  set  up 
to  run  as  a  post  processor  to  the  NASTRAN  program.  This  NASTRAN  analysis  with  the 
buckled  effective  skin  thickness  generally  had  to  be  repeated  several  times  in  order 
to  obtain  a  convergent  solution.  Since  some  of  the  loading  cases  on  the  horizontal 
tail  were  combined  conditions,  the  buckling  analysis  was  performed  on  both  the  upper 
and  lower  surfaces  simultaneously. 


ANALYTICAL  RESULTS 


After  extensive  analysis  and  study,  the  applied  loads  on  the  Model  55  hori¬ 
zontal  tail  were  determined  to  be  less  than  the  maximum  tested  loads  on  the  35/36 
horizontal  tail  which  was  identical  to  the  55  in  structural  detail.  Consequently, 
no  static  test  was  performed  on  this  structure  during  the  55  testing  program. 
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However,  in  order  to  establish  a  correlation  between  the  horizontal  tail  portion  of 
the  NASTRAN  empennage  model  and  the  structural  test  data,  a  positive  gust  condition 
with  top  roll  moment  load  case  was  used  from  the  Model  35/36  fatigue  test  program 
as  was  mentioned  previously.  The  results  of  this  test  along  with  the  NASTRAN  data 
have  been  exhibited  in  figures  8  through  11.  Figures  8  and  9  show  the  correlation 
on  the  horizontal  stabilizer  forward  spar  upper  cap  and  lower  cap  respectively 
while  figures  10  and  11  show  the  correlation  on  the  rear  spar  upper  cap  and  lower 
cap  respectively.  Most  of  the  experimental  points  agree  with  the  NASTRAN  data  very 
closely  with  the  exception  of  the  most  inboard  point  on  the  rear  spar  lower  cap. 

This  gage  was  very  near  an  access  door  in  the  skin  panel  and  appeared  to  be  affected 
by  the  stress  gradient  due  to  this  cutout.  As  mentioned  earlier,  no  correlation 
was  presented  on  the  vertical  tail,  since  this  was  performed  in  an  earlier  paper  (See 
ref.  1). 


CONCLUDING  REMARKS 


A  method  has  been  demonstrated  for  calculating  control  surface  hinge  forces 
using  a  Learjet  Model  55  empennage  NASTRAN  analysis.  Hinge  element  internal  forces 
were  extracted  from  the  NASTRAN  analysis  and  converted  to  a  common  coordinate  system 
using  a  set  of  transformation  equations  to  define  the  individual  hinge  forces. 

Since  each  control  surface  was  defined  in  a  local  rectangular  coordinate  system, 
rotation  of  the  control  surface  could  be  easily  accomplished  by  transforming  the 
components  on  the  C0RD2R  card.  This  control  surface  rotation  capability  permitted 
Learjet  to  investigate  the  impact  of  control  surface  movement  on  the  hinge  attach¬ 
ments  in  more  detail  than  was  previously  possible.  A  buckling  analysis  was  also 
performed  to  determine  the  non-linear  effect  of  skin  panel  buckling  on  stringer  and 
spar  cap  stresses.  These  techniques  proved  to  be  a  valuable  asset  to  Learjet  in 
studying  the  structural  operating  characteristics  of  the  Model  55  empennage  struc¬ 
ture  and  associated  control  surfaces  and  for  substantiating  the  horizontal  tail 
structure  by  comparison  with  previous  tests. 
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FIGURE  1  -  NASTRAN  55  EMPENNAGE  MODEL 
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FIGURE  2  -  VERTICAL  TAIL  STRUCTURE 
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FIGURE  3  -  HORIZONTAL  TAIL  STRUCTURE 
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BULK  DATA  DECK 


Input  Data  Card  C0RD2R  Rectangular  Coordinate  System  Definition 


Description:  Defines  a  rectangular  coordinate  system  by  reference  to  the  coordinates  of  three 
points.  The  first  point  defines  the  origin.  The  second  point  defines  the  direction  of  the  z-axis. 
The  third  point  defines  a  vector  which,  with  the  2-axis,  defines  the  x-z  plane.  The  reference 
coordinate  must  be  independently  defined. 


Field  Contents 

CID  Coordinate  system  identification  number  (Integer  >  0) 

RID  Reference  to  a  coordinate  system  which  is  defined  independently  of  new  coordin¬ 

ate  system  (Integer  >  0  or  blank) 

A1,A2,A3 

B1,B2,B3  Coordinates  of  three  points  in  coordinate  system  defined  in  field  3  (Real) 

Cl ,C2,C3 


Remarks:  1.  Continuation  card  must  be  present. 

2.  The  three  points  (A1 ,  A2,  A3),  (B1 ,  B2,  B3),  (Cl,  C2,  C3)  must  be  unique  and  non- 
collinear.  Noncollinearity  is  checked  by  the  geometry  processor. 

3.  Coordinate  system  identification  numbers  on  all  C0RD1R,  C0RD1C,  C0RD1S,  C0RD2R, 
C0RD2C,  and  C0RD2S  cards  must  all  be  unique. 


4.  An  RID  of  zero  references  the  basic  coordinate  system. 

5.  The  location  of  a  grid  point  (P  in  the  sketch)  in  this  coordinate  systi-  »•.  cum  ;  y 
(X,  Y,  Z). 

6.  The  displacement  coordinate  directions  at  P  are  shown  by  (u^,  u^,  -;). 

FIGURE  6  -  C0RD2R  COORDINATE  SYSTEM  CARD  IMAGE 
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HORIZONTAL  STABILIZER  POSITIVE  GUST  WITH  TOP  ROLL  MOMENT  LOAD 
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Horizontal  Stabilizer  Fatigue  Test  Stress  Values. 
Horizontal  Stabilizer  NASTRAN  Stress  Values. 


FIGURE  8  -  HORIZONTAL  STABILIZER  FORWARD  SPAR  UPPER  CAP  STRESSES 
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FIGURE  9  -  HORIZONTAL  STABILIZER  FORWARD  SPAR  LOWER  CAP  STRESSES 
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FIGURE  11  -  HORIZONTAL  STABILIZER  REAR  SPAR  LOWER  CAP  STRESSES 


A  NEW  METHOD  FOR  GENERATING 


AND  MAINTAINING  RIGID  FORMATS  IN  NASTRAN 


By 

P.  R.  Pamidi  and  W.  Keith  Brown 
RPK  CORPORATION 


SUMMARY 

Since  all  NASTRAN  users  are  most  likely  to  use  some  of  the 
Rigid  Formats,  it  is  important  that  a  convenient  means  of 
updating  these  Rigid  Formats  be  available.  This  benefits  both 
the  NASTRAN  maintenance  contractor  and  the  NASTRAN  user 
community.  With  this  in  view,  RPK  Corporation  is  currently 
developing  a  new  method  for  generating  and  updating  Rigid  Formats 
in  NASTRAN.  The  heart  of  this  method  is  a  Rigid  Format  data  base 
that  is  in  card-image  format  and  that  can  therefore  be  easily 
maintained  by  the  use  of  standard  text  editors.  Each  Rigid 
Format  entry  in  this  data  base  will  contain  the  Direct  Matrix 
Abstraction  Program  (DMAP)  for  that  Rigid  Format  along  with  the 
related  restart,  subset  and  substructure  control  tables.  NASTRAN 
will  read  this  data  base  directly  in  every  NASTRAN  run  and 
perform  the  necessary  transformations  to  allow  the  DMAP  to  be 
processed  and  compiled  by  the  NASTRAN  executive.  This  approach 
will  permit  Rigid  Formats  to  be  changed  without  unnecessary 
compilations  and  relinking  of  NASTRAN.  Furthermore,  this 
approach  will  also  make  it  very  easy  for  users  to  make  permanent 
changes  to  existing  Rigid  Formats  as  well  as  to  generate  their 
own  Rigid  Formats.  This  new  method  will  be  incorporated  in  a 
future  release  of  the  public  version  of  NASTRAN. 


INTRODUCTION 

The  popularity  and  longevity  of  NASTRAN  are  due  to  the  many 
types  of  analyses  that  it  supports  and  the  generality  and 
flexibility  that  it  offers  to  the  user  to  perform  these  analyses. 
The  analyses  are  implemented  in  NASTRAN  by  the  use  of  many 
functional  modules  each  of  which  can  be  considered  as  an 
independent  program.  These  functional  modules  interface  with  one 
another  through  executive  parameter  flags  and  a  local  data  base 
called  the  File  Allocation  Table  (FIAT) .  The  FIAT  and  the  flags 
are  maintained  by  the  NASTRAN  executive.  The  order  in  which  the 
functional  modules  are  executed  and  the  definition  of  the  files 
and  flags  to  be  read  or  written  by  these  functional  modules  are 
specified  by  means  of  a  higher  level  language  called  the  Direct 
Matrix  Abstraction  Program  (DMAP) .  The  DMAP  is  compiled  and 
processed  by  the  NASTRAN  executive. 
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The  most  general  way  of  using  NASTRAN  is  with  a  user  written 
DMAP  program.  However,  in  order  to  relieve  the  user  of  the 
burden  of  writing  DMAP  sequences  for  the  most  commonly  used 
analyses  (e.g.,  static  analysis,  normal  mode  analysis,  etc.),  a 
number  of  standard  DMAP  sequences  (with  sophisticated  restart 
capabilities  and  subset  features)  have  been  developed  and 
included  in  NASTRAN.  These  standard  DMAP  sequences  are 
collectively  called  the  NASTRAN  Rigid  Formats.  There  are 
currently  twenty  (20)  Rigid  Formats  in  NASTRAN.  They  are  very 
valuable  to  the  user  as  they  are  !n  a  readily  available  and 
useable  form  and  offer  the  user  the  flexibility  for  performing  a 
variety  of  analyses.  Modifications  to  the  Rigid  Formats  can  be 
easily  made  by  the  user  by  means  of  the  ALTER  feature  described 
in  Section  2.2  of  the  NASTRAN  User's  Manual  (Reference  1). 


PRESENT  METHOD  FOR  GENERATING  AND  MAINTAINING  RIGID  FORMATS 

At  present,  the  Rigid  Formats  exist  in  NASTRAN  in  the  form 
of  subroutines.  These  subroutines  are  called  the  LDxx  (LD01, 
LD02,  etc.)  subroutines  and  are  described  in  Section  6.6  of  the 
NASTRAN  Programmer's  Manual  (Reference  2).  There  is  one  LDxx 
subroutine  for  each  Rigid  Format  in  NASTRAN.  The  bulk  of  the 
code  in  these  subroutines  is  in  the  form  of  Fortran  DATA 
statements  consisting  mainly  of  Hollerith  values  of  the  type 
4Hxxxx.  This  format  is  very  awkward.  Consequently,  making 
updates  to  these  subroutines  is  an  extremely  tedious, 
time-consuming  and  error-prone  procedure.  In  order  to  overcome 
this  serious  problem,  a  utility  program  called  the  Rigid  Format 
Generation  (RFGEN)  program  was  developed  for  use  by  the 
maintenance  contractor  to  automatically  generate  the  LDxx 
subroutines.  The  RFGEN  program  requires  the  maintenance  of  a 
separate  data  base  of  Rigid  Formats  and  their  associated  restart 
tables.  This  data  base  is  read  by  the  RFGEN  utility  to  generate 
the  desired  LDxx  subroutines. 

The  current  practice  of  generating  and  maintaining  Rigid 
Formats  has  many  serious  drawbacks.  These  are  discussed  in 
detail  below. 

1.  Because  of  the  nature  of  the  LDxx  subroutines,  the  use 
of  the  RFGEN  utility  is  absolutely  essential  when  major 
changes  (e.g.,  extensive  changes  to  the  DMAP)  need  to 
be  made  to  any  Rigid  Format.  However,  the  RFGEN 
utility  is  currently  operational  only  on  the  CDC 
machine.  Hence,  the  maintenance  contractor  cannot 
generate  the  LDxx  subroutines  directly  on  another 
machine  which  he  may  be  using  as  the  primary  machine 
for  NASTRAN  maintenance. 

2.  The  Rigid  Format  information  is  currently  contained 
both  in  the  external  data  base  used  by  the  RFGEN 
utility  as  well  as  in  the  LDxx  subroutines  of  NASTRAN. 
This  is  not  only  wasteful  and  cumbersome,  but  has  also 
caused  serious  problems.  Occasionally,  updates  were 
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made  directly  to  an  LDxx  subroutine  (for  example, 
correction  of  a  restart  table)  but  never  incorporated 
into  the  RFGEN  data  base.  Consequently,  these  updates 
were  lost  when  the  RFGEN  utility  was  used  at  a  later 
date  to  generate  replacement  LDxx  subroutines. 

3.  Permanent  changes  to  a  Rigid  Format  require  the 
updating  and  recompiling  of  the  appropriate  LDxx 
subroutine  as  well  as  the  relinking  (or  rebuilding)  of 
Link  1.  This  is  very  inconvenient  and  annoying  both  to 
the  maintenance  contractor  and  users. 

4.  Users  do  not  have  access  to  the  RFGEN  utility  which  is 
available  only  to  the  maintenance  contractor.  They, 
therefore,  cannot  make  major  permanent  changes  to  Rigid 
Formats  at  their  local  sites  and  are  thus  forced  to  use 

*  the  ALTER  capability  in  order  to  incorporate  the 
desired  changes.  However,  this  has  the  disadvantage 
that  the  ALTER  packet  has  to  be  included  in  every  run 
in  which  the  user  needs  the  changes.  This  can  be 
particularly  inconvenient  when  the  ALTERS  are 
extensive. 

An  extension  of  the  above  problem  is  that  sophisticated 
users  cannot  generate  new  Rigid  Formats  of  their  own 
except  by  means  of  inserting  the  DMAP  on  a  temporary 
basis  through  the  NASTRAN  DMAP  approach.  However,  this 
has  the  same  limitation  that  the  ALTER  cards  have  in 
that  the  DMAP  has  to  be  included  in  every  run  in  which 
the  user  needs  it.  This  can  be  particularly  cumbersome 
when  the  DMAP  contains  many  statements. 

5.  The  substructuring  capability  of  NASTRAN  causes  the 
automatic  generation  of  DMAP  ALTERS  in  those  Rigid 
Formats  that  support  this  capability.  Currently,  Rigid 
Formats  1,  2,  3,  8  and  9  support  this  feature.  These 
automatic  ALTERS  are  currently  specified  in  the  Fortran 
subroutines  ASCM01,  ASCM05,  ASCM07  and  ASCM08.  These 
ASCMxx  subroutines  must,  therefore,  be  appropriately 
updated  whenever  changes  to  Rigid  Formats  1,  2,  3,  8 
and  9  affect  their  DMAP  statement  numbers  and  hence  the 
DMAP  ALTERS  specified  in  these  ASCMxx  subroutines. 

6.  The  data  base  currently  used  by  the  RFGEN  utility  is 
not  in  a  very  convenient  format.  Making  changes  to 
this  data  base  is  therefore  not  very  easy,  particularly 
when  changes  need  to  be  made  to  the  restart  tables. 


NEW  METHOD  FOR  GENERATING  AND  MAINTAINING  RIGID  FORMATS 

All  of  the  above  problems  can  be  eliminated  by  having  a 
Rigid  Format  data  base  that  is  read  by  NASTRAN  directly  and  that 
can  be  maintained  easily  by  means  of  standard  text  editors 
already  available  on  the  host  computers.  The  important  and 
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distinct  advantages  to  be  derived  from  this  approach  ar<= 
discussed  below. 

1.  The  need  for  the  RFGEN  utility  and  its  associated  data 
base  will  be  eliminated  and  updating  of  Rigid  Formats 
will  become  equally  easy  on  all  machines. 

2.  The  LDxx  subroutines  in  their  current  form  will  be 
eliminated  from  NASTRAN  and  the  entire  information 
about  Rigid  Formats  will  be  contained  in  the  new  Rigid 
Format  data  base.  This  will  greatly  facilitate  the 
maintenance  effort. 

.3.  Permanent  changes  to  a  Rigid  Format  can  be  incorporated 
simply  by  suitably  updating  the  new  data  base  by  means 
of  a  text  editor.  The  need  for  compilations  and  the 
relinking  of  Link  1  will  thus  be  eliminated,  thereby 
greatly  aiding  both  users  and  the  maintenance 
contractor. 

4.  It  will  become  very  easy  for  users  to  test  and 
incorporate  major  changes  tp  existing  Rigid  Formats  at 
their  local  sites  without  having  to  use  the  ALTER 
feature  in  every  run.  Similarly,  sophisticated  users 
will  be  able  to  generate  new  Rigid  Formats  Complete 
with  the  associated  restart  tables)  with  relative  ease. 

5.  By  incorporating  controls  for  substructure  DM7?  ALTTRs 
in  the  new  data  base,  the  need  for  the  possible 
updating  of  the  ASCMxx  subroutines  every  time  the 
associated  Rigid  Formats  are  changed  will  be 
eliminated.  This  will  greatly  reduce  chances  for  error 
since  all  information  about  the  substructure  DMAP 
ALTERS  will  be  contained  in  the  new  data  base  instead 
of  being  spread  over  several  ASCMxx  subroutines. 

6.  The  format  of  the  new  data  base  will  be  designed  to  be 
user-friendly  and  to  be  easily  amendable. 


IMPLEMENTATION  OF  THE  NEW  METHOD 

The  Rigid  Format  data  base  will  oe  in  a  card-image  format 
and  will  contain  entries  for  all  20  Rigid  Formats  in  NASTRAN. 
Each  Rigid  Format  entry  will  contain  the  following  items  of 
information: 

t 

1 .  DMAP  statements 

2.  Card  Name  Restart  Table 

3.  File  Name  Restart  Table 

4.  Rigid  Format  Change  Restart  Table 

5.  Subset  flags 

6.  Controls  for  substructure  DMAP  ALTERS 
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The  format  of  the  data  base  will  be  designed  to  be 
user-friendly  and  to  be  easily  amendable.  All  DMAP  stat aments 
will  be  in  a  format  similar  to  the  format  in  which  NASTRAN  prints 
the  DMAP.  All  restart  tables,  subset  flags  and  substructure 
controls  will  be  defined  so  as  to  permit  easy  editing. 


The  Rigid  Format  entries  will  be  implemented  as  follows  on 
the  four  computer  systems  on  which  NASTRAN  is  currently 
supported: 


1.  IBM 

2 .  UNIVAC 

3.  CDC 

4 .  DEC  VAX 


Each  entry  will  be  a  member  of  a 
partitioned  dataset 

Each  entry  will  be  an  element  of  a  file 
Each  entry  will  be  a  separate  file 
Each  entry  will  be  a  separate  file 


An  I/O  interface  will  be  designed  on  all  of  the  four 
computer  systems  to  read  the  Rigid  Format  entries.  This 
interface  will  be  written  in  machine-dependent  code.  Additional 
subroutines  in  machine-independent  code  will  be  designed  to 
perform  the  necessary  transformations  to  allow  for  the  processing 
and  compilation  of  the  DMAP  by  the  NASTRAN  executive.  The 
current  LDxx  subroutines  will  thus  no  longer  be  used  and  will 
therefore  be  deleted  from  the  code. 


In  addition,  documentation  updates  will  be  provided  for  the 
NASTRAN  User's  Manual  and  the  NASTRAN  Programmer's  Manual.  The 
User's  Manual  updates  will  certain  a  definition  of  the  format  of 
the  new  Rigid  Format  data  base  and  also  a  description  of  how  to 
maintain  and  update  the  daca  ba.~a.  The  Programmer's  Manual 
updates  will  include  a  description  of  all  subroutines  and  COMMONS 
that  are  added  to  NASTRAN  as  part  of  this  new  capability. 


CONCLUDING  REMARKS 

The  new  method  of  generating  and  maintaining  Rigid  Formats 
described  in  this  paper  should  be  welcomed  by  both  the  NASTRAN 
maintenance  contractor  and  the  NASTLtAN  user  community.  It  will, 
fox  txe  first  time,  make  it  possible  fo>"  che  maintenance 
contractor  to  update  and  modify  existing  Rigid  Formats  without 
the  use  cf  a  utility  program  and  without  unnecessary  compilations 
and  relinking  of  NASTRAN.  It  will  c.lso,  for  tho  first  time,  make 
it  possible  and  practicable  for  users  not  only  to  make  permanent 
changes  to  existing  Rigid  Formats,  but  also  to  create  new  Rigid 
Formats  of  their  own.  This  wiJl  greatly  enhance  the  flexibility 
and  attractiveness  of  NASTRAN. 
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IMPLEMENTATION  OF 


ELASTIC -PLASTIC  STRUCTURAL  ANALYSIS 
INTO  NASTRAN  t 


Alvin  Levy,  A.  8.  Pifko  and  P.  L.  Ogilvie 
Grumman  Aerospace  Corporation,  Bethpage  N.Y 


SUMMARY 

Elastic-plastic  analytic  capabilities  have  been  incorporated  into  the 
NASTRAN  program.  The  present  implementation  includes  a  general  rigid  format 
and  additional  bulk  data  cards  as  well  as  two  new  modules.  The  modules  are 
specialized  to  include  only  perfect  plasticity  of  the  CTRMEM  and  CROD  elements 
but  can  easily  be  expanded  to  include  other  plasticity  theories  and 
elements.  The  practical  problem  of  an  elastic-plastic  analysis  of  a  ship's 
bracket  connection  is  demonstrated  and  compared  to  an  equivalent  analysis 
using  Grumman's  PLANS  program.  The  present  work  demonstrates  the  feasibility 
of  incorporating  general  elastic-plastic  capabilities  into  NASTRAN. 

INTRODUCTION 

A  feasibility  study  on  incorporating  state-of-the-art  nonlinear 
capabilities  into  NASTRAN  has  been  conducted  and  reported  on  in  ref.  1.  It 
was  pointed  out  that  each  class  of  nonlinear  behavior  has  a  "best"  solution 
strategy.  For  an  elastic-plastic  analysis,  the  "initial-strain"  approach  is 
the  most  efficient  finite  element  analytic  method.  In  this  approach,  an 
incremental  pseudo-load  vector  is  formulated  assuming  an  initial  strain  equal 
to  the  sum  of  the  estimated  plastic  strain  for  the  current  increment  and  an 
equilibrium  correction  term  which  corrects  for  the  difference  between  the 
resulting  plastic  strain  and  assumed  plastic  strain  of  the  previous 
incremental  step.  This  method,  characterized  by  the  plastic  behavior  being 
incorporated  into  an  incremental  pseudo-load  vector,  leaves  the  stiffness 
matrix  unaltered  from  step  to  step.  Thus,  the  stiffness  matrix  need  only  be 
decomposed  once.  Consistent  with  the  initial-strain  approach,  ref.  2  provides 
the  pseudo-load  vector  formulation  due  to  plastic  behavior  for  a  number  of 
elements  in  the  NASTRAN  library.  The  general  approach  is  to  transfer  the 
integral  form  of  the  pseudo-load  vector  into  a  numerical  representation  by 
utilizing  various  integration  schemes.  For  many  of  the  finite  elements  the 
choice  of  the  number  and  type  of  integration  points  is  left  to  the  user.  The 
choice  of  integration  points  for  the  integration  of  the  pseudo-load  vector 
determines  the  allowable  variation  of  the  plastic  strain  within  each 
element.  This  allowable  variation  can  be  changed  by  choosing  a  different  set 
of  integration  points.  This  may  eliminate  the  costly  process  of  changing  the 
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finite  element  idealization  if  the  plastic  strain  variation  was  more  complex 
than  originally  modeled  for.  One  may  only  have  to  change  the  choice  of 
integration  points.  A  more  complete  discussion  of  these  methods  is  given  in 
ref.  3. 

The  initial-strain  approach,  as  outlined  above,  has  been  incorporated 
into  the  NASTRAN  program.  This  has  been  done  by  writing  a  new  rigid  format 
along  with  two  new  modules.  Also  included  are  three  new  bulk  data  cards. 
Although  the  methods  are  general,  only  perfectly-plastic  behavior  of  a 
membrane  and  a  rod  element  have  been  initially  considered.  This  first  step  is 
sufficient  to  examine  the  feasibility  and  efficiency  of  the  implemented 
techniques  within  the  NASTRAN  framework. 

The  practical  problem  of  an  elastic-plastic  structural  analysis  of  a 
ship's  bracket  connection  has  been  carried  out  using  the  implemented  NASTRAN 
program  and  the  results  have  been  compared  to  those  obtained  from  the  PLANS 
finite  element  computer  program  (ref.  4).  The  results  are  in  exact  agreement 
and  the  cpu  time  and  associated  costs  are  approximately  the  same. 

ELASTIC-PLASTIC  FORMULATION 


The  initial-strain  method  is  chosen  to  solve  small  displacement 
plasticity  problems.  The  governing  equation,  derived  from  energy  principles, 
is  written  in  incremental  form  as  follows: 


where 


wMrHtH,tR 

[K] 

=  elastic  stiffness  matrix 

M 

.  =  incremental  displacement  of  ith 

step 

H 

s  incremental  external  load  of  itfl 
i 

step 

M 

incremental  pseudo  load  based  on 
'  predicted  inelastic  strain  of  instep 

r  j  =  equil ibrium  correction  term  representing  any  balancing 

force  due  to  drift  from  equilibrium  during  the  incremental 
appl ication  of  the  load 


The  elastic  stiffness  matrix  is  found  to  be 


[K]  =  / [B]T  [E]  [B]  dV 


(2) 


where  [BJ  is  obtained  from  the  strain-displacement  relation 


Ae 


(3) 
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and  [E]  is  obtained  from  the  stress-strain  relation 


|Aa)j=[E](|AeJ-  jAePj)  ^ 

with 


incremental  stress 


incremental  total  strain 


incremental  plastic  strain 


Plasticity  enters  the  analysis  through  the  increment  in  plastic 

strain,  Aep  .  These  as  well  as  other  path  dependent  quantities  depend  on 

the  implemented  plasticity  theory. 

The  predicted  pseudo-load  vector  for  the  (i+l)s^  step  is  found  to  be 


where  i+1  and  6i  correspond  to  the  (i+l)st  and  i^  step  sizes 
respectively.  We  can  expect  the  successive  linearization  procedure  to  drift 
from  a  true  equilibrium  position  for  the  nonlinear  response.  This  drifting  is 
a  combined  result  of  truncation,  the  successive  linearization  procedure  and 
the  fact  that  information  not  yet  available  is  required  for  a  true  solution 
(in  Eq  (5)  the  predicted  pseudo-load  vector  is  based  on  the  incremental 
plastic  strains  of  the  preceding  step  rather  than  on  the  current  step).  The 
simplest  corrective  procedure  involves  the  introduction  of  an  equilibrium 
correction  term  that  may  be  added  as  a  load  vector  in  the  incremental 
procedure.  The  equilibrium  correction  term  is  defined  as 

l4,^lB,TKMi-Mi-i)dv  (6) 

This  is  a  simpler  method  than  a  complete  iterative  scheme  and  in  effect  the 
equilibrium  correction  term  represents  a  one  step  iteration. 

The  pseudo-load  vector  is  computed  by  various  integration  schemes  (e.g., 
trapezoidal  and  Gaussian)  in  which  Eqs  (5)  and  (6)  are  combined  and  written  as 


where  n  represents  the  number  of  integration  points,  Tj  represents  the 
spatial  location  of  the  jth  integration  point  and  A.  corresponds  to  an 
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integration  weight  factor  for  the  jth  integration  point.  The  derivation  of 
the  pseudo-load  vector  for  many  of  the  NASTRAN  elements  is  presented  in  ref. 

2.  Hie  present  study  utilizes  only  the  triangular  membrane  element  (CTRMEM) 
and  the  extensional  rod  element  (CROD) . 

IMPLEMENTATION  OF  ELASTIC-PLASTIC  ANALYSIS  INTO  NASTRAN 

Elastic-plastic  capabilities  have  been  incorporated  into  the  NASTRAN 
program.  A  flow  diagram,  representing  the  intital-strain  method,  is  shown  in 
Appendix  A.  The  function  of  each  step  in  the  flow  diagram  is  explained.  A 
corresponding  rigid  format  was  written  as  a  modification  to  rigid  format  1 
(Level  17.0).  The  ALTER  package  and  resulting  new  rigid  format  are  shown  in 
Appendices  81  and  82,  respectively. 

Some  of  the  important  features  of  the  new  rigid  format  will  be 
mentioned.  Firstly,  two  new  modules  have  been  written,  PLANS1  and  PLANS2. 
PLANS1  determines  the  critical  load,  i.e.,  the  lowest  load  amplitude  for  which 
at  least  one  element  stress  point  has  become  plastic.  In  addition  a  new 
table,  PLI,  is  initialized.  This  table  contains  the  last  known  field 
quantities  such  as  stress,  strain  and  plastic  strain.  PLANS2  implements  the 
elastic-plastic  constitutive  equations  for  incremental  stress,  strain  and 
plastic  strain.  Initially  only  perfect  plastic  behavior  of  the  CTRMEM  and 
CROD  elements  have  been  included.  In  addition  PLANS2  updates  the  PLI  table 
and  forms  the  pseudo-load  vector  the  the  next  plastic  increment.  The 
calculations  needed  to  perform  an  elastic-plastic  analysis  are  divided  into 
those  that  are  performed  one  time  and  those  that  are  performed  in  each 
incremental  step.  Among  those  that  are  performed  once  are  all  the  usual 
functions  necessary  in  an  elastic  finite  element  analysis,  i.e.,  reading 
input,  all  global  functions  such  as  setting  up  data  tables,  and  solving  for 
the  elastic  displacement  field.  These  functions  are  performed  by  the 
operational  sequence  currently  in  rigid  format  1  and  are  represented  by  the 
first  block  of  the  flow  diagram.  In  addition,  the  critical  load  calculation 
and  some  preliminary  plastic  analysis  definitions  are  carried  out  as  shown  in 
the  flow  diagram  above  L00PA,  which  is  the  start  of  the  plasticity  loop.  The 
calculations  performed  during  each  incremental  step  are  contained  in  the 
plasticity  loop  as  shown  in  the  flow  diagram.  During  each  pass  through  the 
plasticity  loop  the  SSG3  module  solves  for  the  incremental  displacements  due 
to  the  plastic  pseudo-load  only.  The  incremental  displacement  due  to  the 
external  load  or  prescribed  displacements  are  known  and  are  added  to  the 
incremental  displacements  due  to  the  pseudo-load  vector.  The  plasticity 
constitutive  equations  are  implemented  and  the  new  pseudo-load  vector,  to  be 
used  in  the  next  incremental  step,  is  formed  (PLANS2) .  The  plasticity  loop  is 
repeated  for  each  incremental  step. 

Three  new  bulk  data  cards  have  been  added  for  later  use  in  a  general 
elastic-plastic  analytic  capability  program.  These  are  described  in  Appendix 
C.  The  MATS2  bulk  cjata  card  defines  the  plastic  material  properties;  the 
PLFAC2  bulk  data  card  defines  the  load  history  and  step  size  information;  and 
the  TABLEY1  bulk  data  card  defines  the  yield  stress  as  a  function  of 
accumulated  plastic  strain. 
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SAMPLE  PROBLEM 


In  order  to  validate  the  implemented  NASTRAN  capability  an  elastic- 
plastic  analysis  of  a  typical  structural  detail  of  a  ship,  namely  a  bracket 
connection,  was  performed  using  NASTRAN  and  the  Grumman  PLANS  program.  Figure 
1  shows  the  intersection  of  a  horizontal  girder  with  a  transverse  bulkhead. 

The  shaded  area  represents  the  structural  component  that  was  analyzed.  Loads 
and  boundary  displacements  on  this  section  were  provided  from  a  finite  element 
model  of  the  entire  structure.  The  finite  element  model  consisted  of  657 
membrane  triangles  for  the  webs,  103  rod  elements  for  the  flanges  (shown  as 
dotted  lines  in  Fig.  3)  resulting  in  704  degrees  of  freedom  with  a  semi-band 
width  of  40.  Figures  2  and  3  show  the  details  of  the  finite  element  model. 
Figure  4  shows  the  resulting  growth  of  the  plastic  region  of  the  highest 
stressed  section. 

The  NASTRAN  analysis  was  performed  on  a  CDC  cyber  172  computer  and 
required  20  cpu  seconds  for  each  incremental  step.  The  PLANS  program, run  on 
an  IBM  370/3033  computer,  used  5  cpu  seconds  for  each  incremental  step.  The 
results  from  each  program  were  identical.  Taking  into  account  the  difference 
between  computational  speed  of  each  computer  (about  5:1)  ,  the  running  time  for 
the  NASTRAN  program  is  competitive  with  the  PLANS  program. 

CONCLUSIONS 

The  present  work  demonstrates  the  feasibility  of  incorporating  elastic- 
plastic  capabilities  into  NASTRAN.  The  present  implementation  included  a 
general  new  rigid  format  and  bulk  data  cards  as  well  as  two  new  modules.  The 
modules  are  specialized  to  include  only  perfect  plasticity  of  the  CTRMEM  and 
CROD  elements. 

An  extension  of  these  capabilities  to  include  general  plastic  behavior  of 
the  complete  NASTRAN  element  library  should  present  no  new  pitfalls  and  will 
be  briefly  outlined.  Firstly,  an  extension  to  the  flow  chart  and  ALTER 
package  would  include  one  new  module,  PLA5,  used  to  accumulate  the  total 
displacements  (Table  UGVPAC)  as  well  as  stress,  strain  and  plastic  strain 
(Table  PLIAC)  at  the  end  of  each  increment.  It  would  apear  as 

PLA5  UGVP,  PLI/UGVPAC ,PLIAC/V,N,PLACOUNT/V,N,P 

In  addition,  new  tables  would  be  set  up  in  PLANS1  and  would  contain  element 
integration  point  information.  To  form  these  tables,  user  specified 
information  would  be  supplied  on  bulk  data  cards  through  new  element  property 
cards. 

Module  PLANS2  must  be  generalized  to  build  a  pseudo-load  vector,  Eq  (7), 
from  the  new  tables  set  up  in  PLANS1.  In  addition,  the  plasticity  theory 
contained  in  PLANS2  should  be  expanded  to  include,  in  addition  to  perfect 
plasticity,  linear  strain-hardening,  nonlinear  strain-hardening  using  either  a 
Ramberg-Osgood  function  or  a  stress-strain  table,  or  any  other  theory 
consistant  with  the  initial  strain  approach  that  the  developer  wants  to 
i ncorporate. 
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Fig.  2  Finite  Element  Mode)  of  Bracket  Detail 
-  CTRMEM  Elements 


262 


P  -  .4417 

INITIAL  PLASTICITY  IN  FLANGE 


Fig.  4 


Growth  of  the  Elastic-Plastic  Boundary  in  Region 
of  Largest  Stress 
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APPENDIX  A 


FLOW  DIAGRAM  OF  MAIN  FEATURES  OF  ELASTO-PLASTIC  ANALYSIS 


Elastic  linear  analysis 


PLAN SI 


PLANS 2 


Determine  load  critical  value 
(P^it);  Initialize  PLI  table 

{ug  =  juCRIT  +{AUg):  (First 
incremental  step  is  elastic) 

Calculate  jAepJ  ,{ao  .  j AeJ; 

I  Form  pseudo- load  vector  (DELTAP); 
Update  PLI1  table 


EQUIV  )  Interchange  PLI1  and  PLI  tables 


AYS|=  o.  Set  incremental  displacements 
to  zero  at  degrees  of  freedom  where 
'  single  point  constraints  are 
prescribed 


LOOPA  )  Top  of  loop 
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Apply  constraints  to  incremental 
pseudo-load  vector  (DELTAP 


+  {Qm!  APJ 

1  m1  m 


W-QW-W-mH 

N-{$) 


Solve  for  independent  degree  of 
freedom  displacements  due  to 
incremental  pseudo-load, 


Ap,j-  [K„] 


-  WIT(«^i[ 

l^l)  T  (4P,| 
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Recover  dependent  incremental 
displacements  due  to  incremental 
pseudo- lead, 


Form  total  incremental  load , 


Update  total  displacement , 


M-KI+Kl 

Calculate  |  Aep } ,  J  Aa  J ,  |  Ae J  ; 

Form  pseudo-load  vector  (DELTAP) ; 
Update  PLI1  Table 

Interchange  PLI1  and  PLI  tables 


Bottom  of  loop;  PLAST  <1  ?  If  YES 
then  last  step  and  end,  if  NO  then 
not  last  step  and  continue 


APPENDIX  B1 


"ALTERS"  TO  RIGID  FORMAT  1  FOR  ELASTO-PLASTIC  ANALYSIS 


ALTER  1 ,  3 

BEGIN  8  ELASTIC-PLASTIC  ANALYSIS  -  DEVELOPED  BY  GAC  FOR  NSRDC 

ALTER  33,  35 
ALTER  37,  38 
ALTER  41,41 
ALTER  65,66 
ALTER  128,133 
ALTER  137, 140 

PARAM  -'VC,  N,  ADD/V,  N,  PLACOUNT/C,  N,  1/C,  N,  0  8 

PLANS 1  EST , MPT , BIT, UGV/PLI/V, Y, PPCT/V, N, PCRIT  8 

SAVE  PPCT, PCRIT  8 
CHKPNT  PL I  $ 

MATPRT  UGV//  $ 

PAR AMR  //C, N, MP Y/ V > N, DELP/ V,Y, PPCT/V »N, PCRIT  8 

PAR AMR  //C, N, ADD/V, N, PI 1/V, N, PCRIT/V, N, DELP  8 

PAR AMR  //C, N, COMPLEX// V, N, PI 1//V, N»  PI  1C  8 

PARAMR  //C, N, COMPLEX//V, N, PCRIT//V, N, PCRITC  8 
PARAMR  //C, N, COMPLEX//V, N, DELP//V, N, DELPC  8 

PARAMR  //C,N, ADD/V, N,P/V,N, PCRIT//  8 
ADD  UGV , /DELTAUGP/V, N, DELPC  $ 

ADD  UGV , /UGVP/V , N , P 1 1 C  8 

CHKPNT  DELTAUGPjUGVP  $ 

PARAM  //C, N, ADD/V, N, PLACOUNT/V, N, PLACOUNT/C, N, 1  $ 

EQUIV  PL I, PL II /NEVER  8 

PL  ANSe  PL  I ,  MPT ,  EST ,  DELTAUGP ,  D I T/PL 1 1 ,  CELT  AP/ V ,  N ,  PLACOUNT/V ,  N ,  PL  AST/ 

V , N , PR INTI NC/ V , N , P/ V , N , HELP/ V , Y , PM AX  8 

SAVE  PLAST , PR I NT I NC , P  8 
EQU IV  PL 1 1 , PL I /ALWAYS  8 

CHKPNT  PLI , DELTAP  8 
COND  NEE, PR I NT INC  8 

PRTP ARM  //C , N , 0/C , N , P  8 

MATPRT  UGVP//  8 
LABEL  NEE  8 

ADD  YS,  /DELTAYS/C,  N,  <0.0,0.  0>  8 

CHKPNT  DELTAYS  * 
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TOP  OF  LOOP 


3 
3 
3: 

LABEL  LOOPA  3: 

SSG£  USET?GM? DELTAYS ?  KFS?  GO? DM?  DELTAP/DELTAQR?  DELTAPO?  DELTAPS? 

DELTAPL  * 

CHKPNT  BELT AGR? DELTAPO? BELT APS? DELTAPL  $ 

SSG3  LLL?  KLL?  DELTAPL?  LOO?  KOO?  DELTAPO/DELTAULV?  DELTAUOOV?  DRULV?  DRUOV/ 

V?  N?  OMIT/V?  N?  IRES=-1/V?  Nr  NSKIP/V?N?  EPSI  $ 

SAVE  EPS I  $ 

CHKPNT  DELTAULV? DELTAUOOV? DRULV? DRUOV  $ 

COMB  L££?  IRES  $ 

MATGPR  GPL? USET ?  SIL?  DRULV/ /C?  N?  L  3; 

MATGPR  GPL? USET? SIL? DRU0V//C?N?0  $ 

LABEL  |_££  $ 

*DR1  USET  ?  DELTAP?  DELTAULV?  DELTAUOOV?  BELT  AYS?  GO?  GM?  DELTAPS?  KFS?  KSS? 

DELTAQR/BELTAUGV?DELTAPLG?/C?N? 1/C?N?STATICS  $ 

CHKPNT  BELT AUG V?DELTAPLG  S 

ADD  UGV?  DELTAUGV/DELTAUGT/V?  N?  DELPC  $ 

ADD  DELTAUGT?UGVP/UGVPT/  $ 

EQUZ  V  UGVPT?UG VP/ ALWAYS  S 

CHKPNT  LIGVP  S 

PARAM  //C?N?ADD/V?N?PLACOUNT/V?N?PLACOUNT/C?N?l  $ 

EQUIV  PL I? PL II /NEVER  $ 

PLANS2  PLI  ?  MPT?  EST?  DELTAUGT ?  DIT/PLI  1  ?  DELTAP/V?  N?  PLACDIJNT/V?  N?  PLAST/ 

V  ?  N?  PR  I  NT  INC/'- V?  N?P/V?  N?  DELP/V  ?  Y  ?  PM  AX  $ 

SAVE  PL AST  ?  PR I NT INC?  P  $ 

EQU IV  PL 1 1 ?  PL I /ALWAYS  $ 

CHKPNT  PLI? DELTAP  $ 

COND  N£1 ?  PR I NT INC  $ 

PRTPARM  //C?  N?  0/C?  N?  P  $ 

MATPRT  LIGVP//  $ 

LABEL  N£1  $ 

COND  LOOPED? PLAST  $ 

REPT  LOOPA?  £0  $ 

3; 

3  BOTTOM  OF  LOOP 

3; 

LABEL  LOOPED  S 

ALTER  141? 164 
ALTER  166? 16? 

ALTER  174? 1?5 
ENDALTER 
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APPENDIX  B2 


"ALTERED"  RIGID  FORMAT  FOR  ELASTO-PLASTIC  ANALYSIS 


IFVEE  2.'0  N43TKAU  i>maP  CUMpTLFR  -  SOURCE  LISTING 


5 

bFGT^ 

ft  FlASTlC-.Pt.ASTlr  ANALYSTS  *  •  DFVEl.nPFD  BY  GAC  FUR  NSRDC 

<1 

GRl 

G£OM  /GP1-#  EttE YI*if  GPr>T#CST,M»  BGPDT#  SIL/Vj  n*  LUSET/  V,N , 

NUGPr-T/v,N# aUwaYSs-i  ft 

•5 

SAVE 

UU8ET  ft 

6 

CHKPNT 

GPI.,FQFXIN,GPOT#C8TM,HGPOT#8!L  $ 

7 

GP2 

GfcnM?,FQExiN/er.T  ft 

ft 

ChkpnT 

ECT  ft 

9 

■  PAR4MI. 

PCPB//r ,M, PRES/C, M,/fi#M,/C#N,/V,M,MOPCD8  ft 

10 

purge 

PITSFTx#PlTPAR#GPScTS,FL3£TS/N0PCUB  ft 

11 

con" 

pi,nopci>b  * 

12 

Pt.  TftfcT 

PCOH.EQEVIN.EcT/^LTSErx^uYPAH.GPSF.TS^ELSETS/V^^NSa/  V#N, 

JUMPP(.OT*»l  ft 

IS 

SAVE 

^STU, JIIMPPLOT  ft 

l« 

PR1M3S 

PlTSFTV//  ft 

1*? 

PARAM 

//(W<PY/Vf  N,  Pj.TFLG/C,H#  1/C»W,  1  ft 

1ft 

PARAM 

V/C#*l,MpY/V(N,PHUF/c,NfO/C#N#0  * 

17 

CONO 

P 1  #  JuMPPLuT  ft 

1« 

Pl.*.)T 

PLTPAR,GPSFTS,FLS£TsaASECC,BGPoT,FUEXTN,S!LifF.(;TM/Pl,aTXi/V#M# 
NSTL/VfN»LUStT/V,N, JilKPPUlT/V,w,PLTf LG/V,n,PFIL£  8 

1« 

S>VF 

4U*«PPLOT»PLTFL6rPFtLF  ft 

20 

P9TM$G 

RuOTxi//  $ 

21 

u&cl 

Pi  ft 

2? 

ChkpnT 

P£TPARfGP8F TSfEtSETS  ft 

23 

GPJ 

G£ Hi-'l ,  F -JF  *  T  m  ,  GEOMg  /  SI.  T ,  (>P T  T  ✓  V ,  N ,  NOGR  A  y  /  v ,  n ,  N£  VE  R*  i  ft 

2« 

SA  VE 

NUgFUv  ft 
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LEVEL  2.0  NA&TRAN  O^aP  COMPILE  -  SOURCE  LISTING 


25 

PARAM 

//CfN,ANO/V,N,NOMGG/v,N,NOGRAV'V#Y#C>Kl)PNT*«*l  S 

2#* 

CHrCPNT 

SLT » GPT  T  $ 

27 

TM 

FCT,FPT,PGpi>T,SIl.,OPTT.C8TM/EST,Gei,GPECT#/V,N,LU3eT/  V#N, 

NOSXMR/CfN# l/V»N,NnGFNL/V,N,GfN£L  * 

2* 

SAVE 

NOSlMp,NHGENL,GENEl  * 

2« 

PARAM 

//C,W»ANn/V,N#fgQEU  »T/V,N,NnGENL/V,N,NUSlMP  S 

so 

CONO 

EkRURu,nO£LMT  * 

31 

PURGE 

KGGX,GPST/muSimp/oGp5T/gFnEL  * 

32 

C««PnT 

EST#GPECT,GEI,GPST,0GH9T  6 

36 

PARAM 

//c,*',upy/v,n,carono/c#n#o/q,n,o  s 

3° 

COnO 

LBU,NOSTMP  s 

<40 

PARAM 

//C,N,  AL)f)/V#N,NUKGGX/C*N,i/C^»0  6 

42 

EMG 

ESTAC3TH,MPT#OlT,GEOM2,/KELM.AOICT#M|LM#IJQiCT,,/V,N.NUK(SGX/  V, 
N,nOmGG/C,N,/c,Nwc,N,/C,  YfCUUPM  ASS/C,  Yf CPBAR/C, Y,CPRUO/C» Y# 

c&ouaSV/c  Y  cpauAb2/c  y,{p^riai/c,y,cPt6ia2/  c,y,cptubk/C,V, 
CPGt)PUT/C;  y;cpTRPLT/C»Y,CPTRBSC  s 

43 

SAVE 

NUKGGX.NOMGG  $ 

44 

CHKPNT 

KELM,KOICr.MELMfWDTCT  S 

45 

CONO 

JMPKGG. NOKGGX  $ 

46 

EMA 

GPEC V'<DTcT,Ke.LM/KGGX,GPST  4 

47 

CHKPNT 

kggx»gpst  ? 

4« 

LABEL 

JMPKRG  $ 

49 

CONO 

JMPMGG,NOmGG  i 

50 

E*a 

GPECT,^L'TcT,MELM/'l'GG»/r,N,-i/C»  Y»^TMAS3*1  ,0  S 

51 

CHkpnt 

MGG  $ 

52 

LABEL 

JMPMGG  9 

53 

CONO 

lbli»gpopnt  i 
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LFVEl  2.0  N  A  3  T  R  a  M  [)MAP  CO-RPmER  .  SOURCF  LISTING 


54 

CONO 

ERROR2,NOMGG  .« 

55 

GPwfi 

BQPOTf CSTm#EG£XIN, MGG/nGPwG/V# Y,GRDPNT/C,Y#*TmA$8  $ 

56 

qfp 

OGP^G,  , ,  ,  ,  If  3* 

57 

labfl 

LBll  S 

5* 

EGUTV 

KGGX,KGG/.nOg?NI  $ 

56 

ChkpnT 

kgg  $ 

60 

COno 

LbL 11 A.NQGENl  % 

61 

SMA3 

Gei#KGGX/KGG/V#N,LUSFT/V#N#NOGENL/V,N,KJOSlMP  6 

6?. 

CHKPNT 

KGG  S> 

65 

UBFL 

L  61  1 1  A  i 

64 

PA  RAM 

//C,N,MPY/V,NfN3KIP/C#N#0/C,Nf0  * 

67 

GP4 

CASECC»GFuHu,fcQEXlM,GP0T,BGP0T,C8W*G#YS,USET,ASfcT/V,N,LygET/ 
V,N,mPcF1  /V.N #MPCF?/'/.  N,  SINGLE /VfN,UMl T/V,N,Rt  ACT/ V,N#N3K I p/v# 
N,PEPEAT/V,N,N0SeT/V,N,N0L/V,N,NOA/Cf Y,SUBIU  S 

68 

Save 

MPCF1 »MPCF 2# SINGLE # OMIT, Rg ACT, NSK IP, RfcPfc AT# NOSFT, NOu^NOA  $ 

64 

conp 

ERROR*. *nt.  $ 

'7  ft 

PARAM 

//C,N,  A'vO/V,  N#NUSR/V,N,  SINGLE /v,n,  re  ACT  s 

71 

purge 

KRR,KLR,OR,OM/REACT/GM/MPCF1/GO,KOO,LOO,PU,UDOV,RUOV/UMIT/PS, 
KFS,KSS/SlwGLE/GG/NOSft  3 

72 

C«KPnT 

KRR,kl,R,(3R»1)M#Gm, GO, KDH, t DU, RU, UDUV ,RUOV,P8,Kf-  S» KSS; 5G, USE T  ,i RG, 
YS.ASFT  % 

73 

conn 

lbl4,gfnfl  s 

74 

GPSP 

GPl,GPsT,uS£T,SIL/OGPST/V,N,NUGPST  i 

75 

SAVF 

NOGPST  i 

76 

CONO 

LBL4,NPGPSt  s 

77 

Of  p 

OGPST ,,,,,//  $ 

7* 

LaBFL 

Lbl.u  & 
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LF  VFL  2.0  NA6THAS  DM-*P  COMPILE*  •  SOURCE  LISTING 


70 

EQUIV 

kgg,knn/hpcfi  * 

eo 

ChKPnT 

knn  ft 

81 

CONG 

L6L2.-«PCP2  * 

92 

Mcei 

USeT,RG/GM  $ 

89 

CHKPNT 

gm  s 

8  a 

"ICE? 

USFT,Gm#«<GG#  *  , /KNN,, ,  % 

8*5 

CHKPNT 

knm  $ 

86 

LABEL, 

LB12  8 

8? 

EfJUTV 

Knn^kfp/SI^GLe  8 

88 

CHKPNT 

KFF  T 

89 

COMP 

LtiL  3* ST'NGlE  * 

90 

SCE1 

IJSFT,KNN,,,/KfF,KFS,KSS,»,  8 

9! 

CHKPNT 

KF8,KSS#t<FE  * 

9? 

label 

LBL3  8 

95 

eauTV 

KFF#KAA/nMJT  * 

9<l 

CHKPNT 

kaa  5 

95 

CONG 

Lbl.5,Uf‘IT  * 

96 

SHP1 

USpT  *KpF  1 1  p  /Gf)  ,  K  A  A  ,  KO(J , LOO# 1  1  >  , 

97 

CHKPNT 

GO, K A A, K 00, LOQ  $ 

98 

LABEL 

LBL5  i 

99 

EQUTV 

KAA,KLL/ptACT  ft 

100 

CHKPNT 

KLL  1 

101 

CONG 

LBlO*RFACT  ft 

10? 

RRMGi 

U8ET,KAA, /KLl ,KLP,KHR, , ,  ft 

103 

CHKPNT 

XLL#FLP#KRM  5 
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1  00 

LABEL 

lblb  i 

105 

KLL/I.LL  .5 

1  06 

CW*PNT 

LLL  * 

10> 

CHnd 

LB17#REACT  * 

lofl 

RBMfl3 

LLL  #  KLP, K  HP/GH  4 

1  0° 

CWKPNT 

fn*  j> 

UO 

LABEL 

LBL7  4 

HI 

SSG1 

SLT.«GPOT#CaTM,STL#EST,NPT»GPTT,EOT,NGGrCASECC»UlT/PG/V,N, 
lust  T/V,  M,  MjjKjP  S 

112 

Chkp.nt 

pc;  4 

Ml 

EPuTv 

P«»PL/NUS£T  » 

HO 

CHKPNT 

PL  i 

115 

CONP 

Lbl 1 0 ,  f,US£  T  $ 

116 

SSG? 

l'bFT,GH,vs,KFS,G(if nB,PG/GR»Pn, PB,PL  » 

117 

ChkPnt 

OR,pri,t>s,p|.  4 

116 

LABEL 

LBLlc-  * 

HR 

SSG1 

LLL,*<LL»PL#Lf10£t<OOf  Pn/uLV,U00v,RiiLV,PuCW/V»N,UMIT/V,Y#IRE3*»1/ 

v,n,nskip/v,n,EPSi  $ 

120 

3A  VF 

FP8I  4 

121 

CHKPnT 

ULVrH(?'1V,kl'LV,«U0V  4 

12? 

CnwG 

l 619, lots  $ 

121 

MATGPR 

GPL # I'sr  T  ,SIL#RULV//C#N,L  4 

1 20 

ma  TGPR 

GPL  t  GSE  T 1 5  Ji.  t  hUuV//c  f  Nf  (j  $ 

125 

LABEL 

LBL9  J> 

126 

SPR1 

USFTlPG,ULVf"OOV,YSlGU,GH,RS»KPS»K85f UR/UGV, PGG, QG/V, N, NSKIP/ 

c#n,stattcs  s 

127 

CHKPnT 

l-'GV, PGr,,%  4 

iih 
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134 

CWKPNT 

CSTM  $ 

135 

GPfOR 

f  ASECC,  UGV,KELN,KDTCT,  EC  TfEOEX  INSPECT,  PGG»QR/ONRGYl,OGPFSi/ 
c # ^ # statics  35 

iij». 

_  OPP 

OWR6Yl.or.pPbl  ,,,,//  * 

no 

Param 

//C^N.AOO/V.N.PLACnUNT/C.N, l/C.N.O  4 

..no 

PLANS1 

E3T,MpT,DlT,UGV/PL!/V, Y,PPCT/V#N.PCRIT 

S 

no 

SAVE 

PPCT.PCRIT  S 

..no 

_.C.WKPNT 

PL.  I  4 

1 40 

MATPRT 

UGV//  S 

no 

PARAHR 

//CrVMPY/V#N,DElP/V#Y,PPCT/V,N,PCRjT 

s 

no 

Paramr 

//C.N,  ADD/V,N,Ph  /v,n,pcPiT/v,n,oeip 

$ 

JiO_ 

.  P.*RA_mR 

'y.C»NfCOMPl.EX//V,W,Pl  1//V.W.P11C  4 

140 

Paramr 

//C,N,CQMPLEX//V,N,PCKTT//V,W,PCRITC 

S 

140. 

PARAMR 

//C,N# COMPLEX/ /V,N,DELP//V,N,DElPC  $ 

no 

Paramr 

//C/N,  Al)r)/V,N,P/V,KJ#PCRIT//  $ 

.no . 

add 

UGV.f  /pELTAlJGP/V,M#nELPC  S> 

140 

ADO 

UGV#/U6VP/V,N,Puc  $ 

no . 

5HKPNT 

DEUTAUGPaUGVP  9 

no 

PARAM 

//CfN. AOD/V,N,PtACnUNT/V,N,PLACOUHT/C,N# 1 

$ 

jao_. 

.113  U1V. _ 

pLI<PLIi /NEVER  & 

no 

PLANS? 

PLIfMpT.|8T.DELTAUGP,l)lT/PUl  ,DELTAP/V,N, 
ViNjPRiSiTiNC/ViN.P/vJn.OElP/vJy.PMAX 

PlACOUNT/V,N,PVA|T/ 

s 

no 

SAVE  ' 

plast, printing, P  $ 

no 

EDUIV 

PLll.PU/AlwAYS  s 

TO" 

'"C'Hkp'nt 

PUfDELTAP  $ 

140 

COND 

N22, PRINTING  S 
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140 

PRTPARM 

140 

HATPRT 

140 

LABEL 

TO  ’ 

'ADD 

140 

CHKPNT 

140 

LABEL 

140 

S8G2 

140 

CHKPNT 

140 

S_SG3 

//C»N#0/C,m#P  $ 

UG  VP//  $ 


N22  S 

YS,/DELTAYS/C,N,to;o#0;o)  * 
OELTAY8  * 

LOOPA  * 


USFT*GMfneLTAYSfKES,GO,OM#OeLTAP/DELTA(JR#OELTAPO»OELTAPS» 
CLLTAPL  S 

DELTaQR,DELTAPO, CELT APS# DELTAPL  » 

bthjBiVtWVBJSh  rtffi!5«A?SW}B«KlW,,MtI*,w,'M^,#,,#w/ 


140 

SAVE 

140 

CHKPNT 

140 

COND 

140 

HATGPR 

140 

matgpr 

140 

label 

140 

SDR  1 

140 

CHKPNT 

140 

ADD 

140 

ADD 

140 

lay  iv 

140 

CHKPNT 

140 

PARAM 

EPSI  * 

OELTAUlV,DELTAUOOV;DPUlV#DPUnV  S 
L22#IRFS  i 

GPL»U$FT#8tL»DRULV//C#N,L  S 

GPL#U8fT,SlL#DRU0V//C»N,0  S 

L22  $ 

U3ET.DELTaP»I;ELTAUIV»GELTaUOOV,DELTaY3#GU,GM,uELTAPS»KF3#KSS, 
f)ELTAUR/OELTAgGV#DELTAPl,R//C»N,J/C#N#  STATICS  8 

DELTAUgV.oELTaPLG  S 

UGV,DELTAuGV/DElTAUGT/V,N,DELPC  $ 

DEITaUGT.UGVP/UGVPT/  $ 

UGVPT#I)GVP/ALwAYS  * 

UGVP  s 

//C,N#  ADD/V,N#  Pt,ApquNT/Y»NfPLACUUNT/C,N#i  $ 
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140 

EGUTV 

rli#plti/never  $ 

140 

PLANS? 

PLT,Mpr,EST.O£lTAUr,T,DlT/PLlt/riELTAP/V,N,PLACOUNT/V,N#PLA8T/ 
V,K',PRTNTlNC/V,N,P/V#N,DELP/V,YrPMAX  $ 

.145 

.  SAVE 

plast, printing, p  s 

no 

EOUTV 

PlTI ,PLI/ALHAYS  s 

140 

CHKPNT 

PLIfDELTAP  i 

140 

COND 

M21#PRTNTjNC  $ 

140 

PRTPA.RM 

//C,N,o/C,N#P  $ 

140 

MATPRT 

UGVP //  $ 

1J0 

LABEL 

N2l  * 

140 

CONO 

LOOPED, PLaST  s 

140. 

_J?EPT 

LUOPA  % 

140 

label 

LOOPED  S 

U? 

JUMP 

FINIS  * 

ns 

LABEL 

ERROR2  $ 

U’ 

pptparm 

//C,Nf.2/C,N, STATICS  * 

170 

LABEL 

ERRQR3  * 

171 

PRfPAPM 

//C#n,.3/c,N, STATICS  * 

172 

LABEL 

ERRORS  8 

173 

PR TP ARM 

.  STATICS  * 

17* 

L-9EL 

FINIS  S 

177 

END 

$ 
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NEW  BULK  DATA  CARDS 


MATS2:  Material  Properties  -  defines  stress-strain  function 
for  either  Ramberg-Osgood  representation,  linear 
strain  hardening  or  perfect  plasticity. 

Ramberg-Osgood 
Linear  Hardening 
Perfect  Plasticit 
Tabular 

Field  Contents 

MID  -  Material  identification  number  which  matches  the  identification  number 
on  some  basic  MAT1  card  (Integer  >  0) 

n  -  shape  parameter  used  in  Ramberg-Osgood  stress-strain  function  (Integer) 

a  -  Et/E  for  linear  strain  hardening  (Real) 

0  _  -  Ramberg-Osgood  parameter  (Real) 

u  ♦  / 

TABLES1-  Table  number  for  Stress-strain  function  -  TABLES1  Table  (Integer) 

TABLEY1-  Table  number  for  yield  stress  vs.  accumulated  plastic  strain,  for 
near  linear  strain  hardening  (Integer) 

o  3a  a  n_1 

Remarks:  1.  Ramberg-Osgood  representation:  e  =  —  +  (- - ) 

0.7 

2.  TABLEY1  may  be  used  with  any  of  the  options  listed. 
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PLFAC2:  Load  history  and  step  size  information 


Field  Contents 

SID  -  Set  identification  number  (Integer  >  0) 

Pi  -  Load  magnitude  (Real) 

Ni  -  Number  of  increments  for  current  load  (Integer  >  0) 

NLDi  -  Load  set  reference  (Integer) 

Remarks:  1.  Load  history  is  contained  with  PLFAC2.  Each  Pi 
corresponds  to  total  load  for  that  set  (NLDi) • 

2.  One  or  Two  sets  of  data  may  be  included  on  each  card. 

Fields  3,  4,  and  5  must  be  used  on  each  card,  but 
fields  6,  7,  and  8  may  be  omitted  from  any  card  even 
though  continuation  cards  follow. 

3.  If  Ni  ■  0,  incrementation  steps  will  be  chosen  automatically. 
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TABLEY1:  Yield  stress  vs.  accumulated  plastic  strain 


Contents 

set  identification  number  (Integer  >  0) 
yield  stress  in  tension  (Real) 

yield  stress  in  shear  (Real) 

accumulated  plastic  strain  (Real) 


Remarks:  1.  If  accumulated  plastic  strain  is  less  than  first  value  in 
table  then  first  values  of  o  and  o  are  chosen,  if 
accumulated  plastic  strain  is  greate?sthan  last  value  in 
table  than  last  values  of  o  f  and 
a  linear  interpolation  is  u?ed. 

2.  One  or  two  sets  of  data  may  be  included  on  each  card. 

Fields  3,  4,  and  5  must  be  used  on  each  card,  but  fields 

6,  7,  and  8  may  be  omitted  from  any  card  even  though  continuation 

cards  follow. 


o  are  chosen,  otherwise 

ys 
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ELASTIC-PLASTIC  ANALYSIS  OF  ANNULAR  PLATE  PROBLEMS  USING  NASTRAN 


P.  C.  T.  Chen 

U.S.  Array  Armament  Research  and  Development  Command 
Large  Caliber  Weapon  Systems  Laboratory 
Benet  Weapons  Laboratory 
Watervliet,  NY  12189 


SUMMARY 


The  plate  elements  of  the  NASTRAN  code  are  used  to  analyze  two  annular  plate 
problems  loaded  beyond  the  elastic  limit.  The  first  problem  is  an  elastic-plastic 
annular  plate  loaded  externally  by  two  concentrated  forces.  The  second  problem  is 
stressed  radially  by  uniform  internal  pressure  for  which  an  exact  analytical  solution 
is  available.  A  comparison  of  the  two  approaches  together  with  an  assessment  of  the 
NASTRAN  code  is  given. 


INTRODUCTION 

The  piecewise  linear  analysis  option  of  the  NASTRAN  v  -  »  a  us  ■  .0  analyze 

quite  complicated  elastic-plastic  plane-stress  problems  (ref  .  i  .2).  Che 

reliability  of  this  code  has  been  well  demonstrated  in  the  1  .  '  not  so  in 

the  nonlinear  range  of  loadings.  One  major  reason  *  '  because  exact  -  ~cal 
solutions  for  elastic-plastic  problems  are  usually  vU*b'!  c'  *ison  with 

approximate  NASTRAN  solutions. 

In  this  paper,  the  plate  elements  of  the  NASTRA  are  used  ’wo 

annular  plate  problems  loaded  beyond  the  elastic  lira!  e  r,x  tn  . idered 

is  an  elastic-plastic  annular  plate  loaded  externally  \>,  ..  .u  > 

There  is  no  analytical  solution  for  this  two-dimensional  plane-  d  the 

NASTRAN  code  is  used  to  obtain  numerical  results.  The  second  cr  ,.^d  is 

an  elastic-plastic  annular  plate  radially  stressed  by  uniform  int<v  .i.i^sure. 

This  problem  is  chosen  because  an  exact  analytical  solution  i3  aval;  .e  for 
comparison.  For  ideally  plastic  materials,  the  stress  solution  for  this  statically 
determinate  problem  was  first  obtained  by  Mises  (ref.  3)  and  the  corresponding  two 
strain  solutions  were  obtained  by  the  present  author  on  the  basis  of  both  J2 
deformation  and  flow  theories  (ref.  4).  For  elastic-plastic  strain-hardening 
materials,  an  exact  complete  solution  was  recently  reported  in  reference  5. 

Analytical  expressions  were  derived  on  the  basis  of  J2  deformation  theory,  the  Hill’s 
yield  criterion,  and  a  modified  Raraberg-Osgood  law.  The  validity  of  the  above 
solution  has  been  established  by  satisfying  the  Budiansky’s  criterion. 

In  the  following,  the  theory  of  elastic-plastic  plate  elements  as  used  in 
NASTRAN  is  briefly  reviewed.  In  its  present  form,  NASTRAN  cannot  be  used  for 
problems  involving  ideally  plastic  materials.  It  is  shown  that  this  limitation  can 
be  easily  removed  by  making  minor  changes.  For  an  elastic -plastic  strain-hardening 
material,  the  NASTRAN  solution  is  reported  here  and  compared  with  the  exact  solution. 
The  results  are  presented  graphically  and  an  assessment  of  the  NASTRAN  code  is  mads. 
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PLASTIC  PLATE  ELEMENTS 


The  theoretical  basis  of  two-dimensional  plastic  deformation  as  used  in  NASTRAN 
is  that  developed  by  Swedlow  (ref.  6).  In  the  development,  a  unique  relationship 
between  the  octahedral  stress,  x0,  and  the  plastic  octahedral  strain,  e0p,  is  assumed 
to  exist  and  the  use  of  ideally  plastic  materials  is  excluded.  The  total  strain 
components  (ex,  Cy,  ez,  and  Yxy)  are  composed  of  the  elastic,  recoverable 
deformations  and  the  plastic  portions  (exp,  eyP>  ezP>  and  YXyP) •  7116  rates  of 

plastic  flow,  (exp,  etc.),  are  independent  of  a  time  scale  and  are  simply  used  for 
convenience  instead  of  incremental  values.  The  definitions  of  the  octahedral  stress 
and  the  octahedral  plastic  strain  rate  for  isotropic  materials  are: 


where 


t0  a  /(irP  +  2312^  +  s22^  +  a332)/3 
eQP  -  /T(TrpF"+"2Te'r2Py?  +  ( s^"+“C^iPT2']73 

1 

311  “  -  ( 2ox-cjy)  ,  eup  3  exP 
1 

s22  -  -  (2oy-ox)  ,  e22p  a  eyp 


(1) 

(2) 


1 

333  =  “  “  (ox-t-Cy)  ,  e33p  =■  ezP 

s12  -  Txy  ,  e12p  -  -  YXyp  (3) 

The  sij  is  called  the  deviator  of  the  stress  tensor;  ox,  oy,  and  Txy  are  the 
cartesian  stresses.  The  isotropic  material  is  assumed  to  obey  the  Mises  yield 
criterion  and  the  Prandtl-Reuss  flow  rule.  The  matrix  relationship  for  the  plastic 
flow  is: 


CXP  ' 

3112 

311322 

\ 

2311312 

f  Ox 

e  P 

1 

s 1 L 3  22 

2822312 

!■  1 

b  y* 

• 

6t02Mt(t0) 

s22 

ay 

^xyPJ 

2sl  1322 

■s 

2811S12 

4si22 

where 


2Mt(t0)  -  t0/s0P  (5) 

The  plastic  modulus,  Hp(t0) ,  can  be  related  to  the  slope  Ex,  of  the  effective  stress- 
strain  curve  by: 

1  1  1 

3Mt(to)  Ex  E 

The  total  strain  increments,  obtained  by  adding  the  plastic  and  linear  elastic 
parts,  are: 

{As}  =  ( [Dp]  +  EG]"1) {Aa}  =  [Gp]-l{Aa}  (7) 
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where  [G]  is  the  normal  elastic  material  matrix  and  [Gp]  is  the  equivalent  plastic 
material  matrix  '’’he  matrices  [Dp]  and  [Gp)-1  exist  for  finite  values  of  Mr  or  (Ex) 
and  [Gp]  can  be  .  -d  numerically.  Because  this  procedure  is  chosen  in  developing 
NASTRAN  program,  on.>.  -train  hardening  materials  can  be  considered  for  applications. 
However,  it  should  be  noted  that  even  the  matrix  [Gp]-1  does  not  exist  when  Mr  or  Ex 
is  equal  to  zero,  the  matrix  [Gp]  may  still  exist.  In  fact,  the  closed  form  of  [Gp] 
has  been  given  in  reference  7.  We  can  express  this  as: 


[GD] 


f  S222+2A 

-  sii  S22+2yA  ,  sn2+2A 

S22+Vsll 


where 


SH+VS22 

I+v 


812  . - 77 - 812 

1+v 


SYM. 


B  (l-v)Ex 
2( 1+v)  E-Ex  T° 


(8) 


Ex  si2Z 

A  * - t02  + -  ,  B  »  sn2  +  2vsn  S22  +  822Z  »  Q  "  2(l-v2)A  +  B  .  (9) 

E-Ex  1+v 


If  we  want  to  remove  the  limitation  that  the  use  of  ideally  plastic  materials  is 
excluded,  we  have  to  make  minor  changes  in  subroutines  PSTRM  and  PKTRM  of  the  NASTRAN 
program. 


TWO-DIMENSIONAL  PROGRAM 


Consider  a  two-dimensional  annular  plate  loaded  externally  by  two  concentrated 
forces.  Figure  1  shows  a  finite  element  representation  for  one  quarter  of  the 
annular  plate.  The  other  part  is  not  needed  because  of  symmetry.  There  are  198 
grids  and  170  quadrilateral  elements  in  this  model.  The  grids  (1  through  11)  along 
the  x-axis  are  constrained  in  y-direction  while  those  grids  (188  through  198)  along 
the  y-axis  are  constrained  in  the  x-direction.  The  concentrated  force  F  is  applied 
at  the  top  of  the  y-axis  (grid  198).  The  thickness  of  the  plate  is  0.1  inch.  All 
membrane  elements  are  stress  dependent  materials.  The  effective  stress-strain  curve 
is  defined  by: 


a  =  Ee  fo*  i  <  a0 
( o/a0)n  *  (E/a0)e  for  a  >  o0 

where 


(10) 


a  -  (3//2)t0  ,  s  -  o/E  +  il  ep  (11) 

n  is  the  strain  hardening  parameter  and  the  initial  yield  surface  is  defined  by  the 
ellipse  a  *  a0.  The  input  parameters  for  the  problem  are: 

E  *  10.5  x  106  psi  ,  v  *  0.3  (Poisson's  ratio)  ,  0o  =»  5.5  x  104  psi  ,  n  *  9  . 


There  is  no  analytical  solution  for  the  two-dimensional  plane-stress  problem  and  the 
NASTRAN  code  is  used  to  obtain  numerical  results.  First  the  stress  solution  in  the 
elastic  loading  range  is  obtained  and  the  elastic  limit  is  determined.  The  corre¬ 
sponding  F*  at  initial  yielding  is  753.34  pounds.  Then  the  solution  beyond  the  elas¬ 
tic  limit  is  obtained  in  13  steps  with  the  applied  force  given  by  Fn  „  753,35  (0.95  + 
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0.05n)  pounds  for  n  -  1,2,... 13.  The  vertical  displacement  at  the  point  of  applica¬ 
tion  (Vq)  and  the  horizontal  displacement  (Ug)  at  point  B  (grid  11)  are  shown  in  fig 
ure  2  as  functions  of  the  applied  force  F.  The  major  principal  stresses  in  elements 
near  the  x  and  y-axes  are  shown  in  figure  3  for  F  =  600  and  1205.38  pounds,  respec¬ 
tively.  The  results  indicate  that  the  maximum  tensile  stress  occurs  at  point  C. 


ONE-DIMEN SiONAL  PROBLEM 


Consider  a  one-dimensional  annular  p'ate  stressed  radially  by  uniform  internal 
pressure.  The  plate  geometry  and  material  properties  are  the  same  as  the  two- 
dimensional  one.  Utilizing  the  condition  of  axial  symmetry,  we  need  only  a  sector  of 
the  annular  plate  for  the  finite  element  model.  There  are  only  10  elements  with  22 
grids.  All  grid  points  are  constrained  in  the  tangential  direction.  The  applied 
load  is  the  internal  pressure  p.  If  p  *  1000  psi,  the  equivalent  nodal  force  at  each 
of  the  two  interior  grids  is  Q  »  4.62329  pounds  in  the  radial  direction.  The  true 
pressure  corresponding  to  initial  yielding  for  this  problem  is  pQ  ■*  23,571  psi.  The 
NASTRAN  results  will  depend  on  the  users'  choice  of  element  sizes  and  load  increments. 
In  the  elastic  range,  the  NASTRAN  results  based  on  two  finite-element  models  were 
compared  with  the  exact  solution.  For  a  ten-element  model,  the  maximum  error  is  0.36 
percent  in  displacements  and  0.95  percent  in  stresses.  For  a  twenty-element  model, 
the  maximum  errors  are  reduced  to  0.09  percent  and  0.24  percent,  respectively.  Since 
we  are  satisfied  with  one  percent  error,  the  ten-element  model  is  chosen  for 
incremental  analysis  beyond  the  elastic  limit. 

In  the  plastic  range,  the  user  has  to  choose  the  load  increments  properly  in 
order  to  obtain  good  results  at  reasonable  cost.  The  values  of  the  load  factors  can 
be  normalized  so  its  unit  value  corresponds  to  the  limit  of  elastic  solution,  i.e., 
p0  »  23,571  psi.  The  load  increments  can  be  uniform  or  nonuniform.  It  seems  that 
the  size  of  load  increments  depends  on  the  material  properties  and  sizes  of  elements. 
In  order  to  determine  the  influence  of  load  factors  on  the  displacements  and  stresses 
in  the  plastic  range,  four  sets  of  load  factors  are  chosen.  The  load  Increments  for 
three  of  them  are  uniform  with  Ap/p0  =  0.20,  0.10,  and  0.05,  respectively.  The 
Influence  of  load  factor,  p/p0,  on  the  inside  radial  displacement,  uj,  is  shown  in 
figure  4.  The  effect  of  load  factors  on  the  major  principal  stresses  in  elements  is 
shown  in  figure  5.  We  also  show  in  these  two  figures  the  corresponding  analytical 
results.  On  the  basis  of  these  comparisons,  we  can  make  the  following  conclusions. 

In  the  earlier  stages  of  plastic  deformation,  larger  load  increments  can  be  used  to 
give  very  good  results.  As  plastic  deformation  becomes  bigger,  smaller  load 
increments  should  be  used  in  order  to  get  a  reasonably  good  answer.  However,  for 
very  large  plastic  deformation,  it  seems  that  we  cannot  improve  the  NASTRAN  results 
much  better  by  choosing  even  smaller  increments.  This  is  because  there  are  other 
built-in  errors  in  the  NASTRAN  program,  e.g.,  the  linear  displacement  function  is 
assumed. 


If  uniform  load  increments  are  used,  a  direct  comparison  of  the  analytical  and 
NASTRAN  results  is  not  available.  The  solid  curves  shown  in  figures  4  and  5  were 
obtained  indirectly  since  the  analytical  results  of  the  displacements,  stresses,  and 
pressure  were  represented  as  functions  of  elastic-plastic  boundary  (ref.  5).  We  have 
obtained  the  analytical  results  when  the  elastic-plastic  boundary  is  located  at  a 
radial  distance  of  0.05,  0.15,  0.25,  0.35,  0.45,  0.55,  0.65,  0.75,  0.85,  and  0.95 
inch  from  the  inside  surface.  The  corresponding  values  of  the  pressure  factor  (p/p0) 
are  1.095,  1.266,  1.414,  1.540,  1.646,  1.734,  1.805,  1.860,  1.901,  and  1.929, 
respectively.  This  set  of  values  is  used  as  load  factors  in  the  input  deck  of  the 
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NASTRAN  program.  Some  of  the  NASTRAN  results  together  with  the  corresponding 
analytical  results  are  shown  in  figures  6  and  7.  A  direct  comparison  of  the  two 
approaches  in  the  plastic  range  can  be  seen.  The  effect  of  load  factors  on  the 
distribution  of  radial  displacements  is  shown  in  figure  6.  The  distributions  of 
major  principal  stresses  for  three  load  factors  are  shown  in  figure  7.  As  can  be 
seen  in  figures  6  and  7,  a  direct  comparison  of  two  approaches  will  support  the 
following  conclusion.  Even  if  the  results  in  the  elastic  range  are  in  excellent 
agreement,  the  differences  in  the  plastic  range  can  be  quite  big  for  large  values  of 
load  factors.  This  suggests  more  research  efforts  should  be  given  to  large  plastic 
deformation. 


CONCLUSIONS 


Two  elastic-plastic  annular  plate  problems  have  been  analyzed  by  using  NASTRAN 
plate  elements.  One  problem  is  loaded  externally  by  two  concentrated  forces  and  the 
other  by  uniform  internal  pressure.  The  NASTRAN  results  for  the  second  problem  have 
been  compared  with  an  exact  analytical  solution.  It  seems  that  the  NASTRAN  code  in 
its  present  form  is  still  a  valuable  tool  because  it  can  be  used  to  solve  quite 
complicated  plane  stress  problems  provided  the  plastic  deformation  involved  is  not 
too  large.  The  limitation  that  the  use  of  ideally  plastic  materials  is  excluded  can 
be  easily  removed  by  making  minor  changes. 
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Figure  2.  Vertical  and  Horizontal  Displacements  (VD»ug)  as 
Functions  of  the  Applied  Force  (F)  —  Problem  1. 
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Figure  3.  Distribution  of  Major  Principal  Stresses  - 
Problem  1. 
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Influence  of  Load  Factor  on  the  Inside  Displacements  -  Problem 
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Figure  5.  Influence  of  Load  Factor  on  the  Major  Principal  Stresses 
in  Element  1  -  Problem  2, 
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Figure  6.  Distribution  of  Radial  Displacements  -  Problem  2. 
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Figure  7.  Distribution  of  Major  Principal  Stresses  -  Problem  2. 
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BOLT  IN  BORE  BOUNDARIES 
by 

T.  G.  Butler 
BULTER  ANALYSES 


INTRODUCTION 

This  paper  discusses  the  factors  that  must  be 
taken  into  consideration  when  applying  NASTRAN's  linear 
analysis  to  structures  whose  principle  boundaries  are 
formed  by  bolting#  and  for  which  localized  stress 
peaking  is  important.  The  determination  of  what 
portion  of  the  bolt  boundary  is  active  for  a  given 
loading  is  a  nonlinear  problem.  Once  the  active 
boundaries  are  established  for  a  given  load#  the 
determination  of  the  resulting  stresses  is  a  linear 
problem.  Does  this  mean  that  every  analysis  whose 
principle  boundaries  are  formed  by  bolting  are  wrong  if 
they  are  not  treated  in  a  nonlinear  fashion?  Not  at 
all!  The  importance  of  this  nonlinear  condition  rears 
its  head  only  when  the  finite  element  mesh  is  so  fine 
that  the  bore  is  no  longer  represented  as  a  point. 

Then  the  particulars  of  the  macro  behavior  of  the  bolt 
in  the  bore  become  important.  There  are  two  approaches 
to  this  problem:  Either  the  employment  of  a  set  of 
nonlinear  scalar  springs  at  the  boundaries  to  determine 
the  active  region  for  a  given  loading  followed  by  a 
detailed  linear  analysis  under  the  active  bounding 
locales#  or  the  pursuit  of  a  series  of  boundary 
approximations  using  linear  analysis#  only#  until 
admissible  conditions  are  found.  This  paper  deals  with 
the  second  approach.  An  illustration  of  these  methods 
is  given  in  an  application  to  a  mounting  bracket. 

OPERATION 

Loads  applied  simultaneously  in  3  coordinate 
directions  involve  3  kinds  of  boundaries  and  cause 
variations  depending  on  the  magnitudes  of  the  load 
components.  Unfortunately#  it  is  not  possible  to  apply 
a  set  of  individual  nominal  loads  then  scale  them  and 
combine  them  to  get  a  final  result#  because  linear 
superposition  does  not  work  at  all  in  this  highly 
nonlinear  problem.  Changing  loads  causes  the  hold  down 
bolts  to  bear  on  the  bore  surface  in  different 
locations#  they  cause  either  the  bolt  head  or  nut  to 
make  contact  in  different  locations#  they  cause 
different  edges  of  the  bolted  foot  to  bear  on  the 
mounting  surface.  In  the  application  under 
consideration#  there  are  two  bolts  through  a  single 
rectangular  foot. 


In  the  actual  case  there  is  a  multi-fold  infinity  of 
possible  bounding  contacts.  In  the  finite  element  case 
of  a  fine  meshed  model  there  is  a  high  finite  number  of 
possible  bounding  combinations.  To  reduce  the  problem 
of  finding  admissible  combinations  to  a  manageable  set/ 
it  was  decided  to  limit  the  trial  locations  to  the 
following: 

TYPE  OF  BOUNDARY  DETAILS  OF  REPRESENTATION 

Bolt  Shank  Against  Three  Pairs  of  Points  At  Each 

Bore  Surface  Cardinal  Location  For  Each  Of 

Two  Bores 

Bolt  Head  Against  Circle  Of  Points  About  Each  Of 

Upper  Surface  Annulus  Two  Bores 

Bolt  Nut  Against  Circle  Of  Points  About  Each  Of 

Lower  Surface  Annulus  Two  Bores 

Foot  Side  Edge  Set  Of  Three  Points  At  Each  Of 

Against  Mount  Surface  Two  Sides  Of  Each  Of  Two  Points 

Foot  End  Edge  Against  Set  Of  Points  Along  Entire  Edge 
Mount  Surface  Of  End  Nearest  Load 

Sketches  of  these  bo.udaries  as  they  might  behave  under 
load  are  shown  here. 
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METHOD 


Fools  rush  in  where  angles  Fear  to  tread.  Based 
on  the  logic  of  rigid  body  actions  it  appeared  quite 
reasonable  to  expect  that  one  could  make  initial 
predictions  that  could  be  modified  slightly/  after 
initial  reactions  were  reviewed/  to  a  set  that  would  be 
admissible.  Notice  that  mealy-mouthed  language  is 
already  being  used:  reasonable  —  admissive;  not 
correct  or  precise.  If  the  load  were  applied  in  the 
+X/+Y/+2  directions/  one  would  expect  the  foot  to  move 
over  to  contact  the  bolts  on  the  -X  sides  of  the  bores/ 
the  ~Y  sides  of  the  bores/  and  to  engage  the  bolt  head 
rather  than  the  bolt  nut  for  both  bolts.  It  was  these 
rigid  body  notions  that  were  dashed  by  the  elastic 
reality  of  the  case.  Actions  at  one  bore  were 
different  than  actions  at  the  other.  Loads  were  offset 
from  the  foot  and  the  loading  surface  was  canted  to  the 
plane  of  the  foot.  These  produced  moments  that  were 
reacted  at  the  bolts.  Rigid  body  calculations  were 
made  for  each  load  to  help  decide  on  the  initial 
boundary  assignments  in  the  first  trial  of  each  run. 

This  approach  has  logical  appeal/  but  it  often  was 
considerably  off  the  mark. 

In  order  to  improve  the  first  trial/  a  small  pilot 
model  with  a  coarse  mesh  was  assembled  from  plate 
elements  and  had  each  bore  represented  by  a  point. 

Readings  from  the  bore  points  and  boundary  edge  points 
helped  to  improve  the  initial  SPC  assignments  in  the 
solid  mode  l . 

This  analysis  used  solid  elements  entirely  for  the 
whole  model  which  contributed  to  a  complication  in 
satisfying  moments.  Pairs  of  points  are  needed  to 
create  couples  when  using  solid  elements/  while  if 
plate  bending  elements  were  used  instead/  any  bending 
requirements  could  be  met  at  a  single  point  rather  than 
over  a  pair  of  points.  The  tendencies  of  pairs  of 
points  to  form  couples  proved  troublesome  at  boundaries. 

To  explain  this  it  will  be  helpful  to  redefine  some  terms. 

First  of  all  "boundary"  is  defined  to  be  that  set 
of  points  wherein  a  subset  of  whose  components  are 
constrained  to  zero  displacement.  This  is  a 
particularly  severe  condition  in  view  of  the  inevitible 
redundancy  of  constraints.  An  admissible  boundary  is 
one  that  pushes  only  and  does  not  pull  on  the  mating 
boundary  strucuture.  This  restriction  makes  an  ideal 
argument  for  using  unidirectional  nonlinear  boundary 
springs.  The  riuti  linear  suppuf  ts  will  allow  nonzero 
\  i sp 1 acements  and  still  produce  a  push  force.  Exploring 
such  a  case  would  be  an  attractive  venture/  but  this 
paper  concentrates  only  on  th  ’inear  trial  method.  The 
measure  used  to  discriminate  fu  admissibility  of 
boundary  candidates  was  the  sign  of  the  SPCForces  at 
the  boundaries.  If  any  boundary  components  were  found 
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to  pull/  it  necessitated  redefining  the  boundary 
constraints  to  avoid  this  pulling  condition.  Quite 
often  it  tuas  not  enough  to  just  eliminate  the  offending 
component/  because  the  pulling  behavior  often  moved  to 
the  neighboring  retained  point.  Another  suprise 
occurred  at  the  bolt  heads.  It  seemed  representative 
for  bolt  head  constraints  to  be  modeled  as  an  annulus 
of  a  double  circle  of  points.  As  it  turned  out/  pairs 
of  inner  and  outer  radial  points  acted  as  couples  with 
opposite  signs  which  is  inadmissible/  because  opposite 
signs  means  one  is  pulling  while  the  other  is  pushing. 
Consequently/  bolt  head  and  bolt  nut  reactions  were 
modeled  as  a  single  circle  of  points.  Even  restricting 
bolt  constraints  to  single  circles  was  most  often  not 
sufficiently  curtailed  to  eliminate  all  pulling.  Trial 
with  only  arcs  of  a  circle  in  various  positions  and 
different  spans  were  made  before  sometimes/  an 
admissible  head  or  nut  representation  was  found. 

At  times  during  this  analysis/  I  wanted  to  say/ 
"What  does  it  matter  if  there  is  some  pulling?"  Severe 
high  stresses  occurred  in  regions  where  high  constraint 
forces  of  opposite  signs  were  present.  Good  answer. 

The  canted/  offset  position  of  the  loading 
produced  a  tendency  for  the  foot  to  tilt  with  respect 
to  the  mounting  surface  in  every  loading  case.  A 
triplet  of  points  on  an  edge  transversely  opposite  a 
bore  in  one  direction  constituted  the  candidate 
boundary  set  at  each  of  4  locations.  As  trials  were 
made  it  was  found  that  sometimes  the  triplet  had  to  be 
reduced  to  a  pair  or  a  single  point  before  it  became 
admissible.  In  the  case  of  fore  and  aft  edges/  it  was 
found  that  sometimes  contact  was  made  at  the  edge 
nearest  the  load  but  tilting  towards  the  far  end  was 
taken  up  elastically  before  reaching  the  far  end  so 
that  the  far  edge  never  became  a  boundary  constraint. 
The  distribution  of  constraints  on  the  near  edge  was 
found  to  vary  from  the  entire  edge  to  a  biased  partial 
set . 


Absence  of  pulling  is  not  the  only  criterion  for 
admissibility.  Ovei — constraining  must  be  guarded 
against  when  trying  to  trace  critical  stresses.  It  is 
possible  to  have  excessive  constraints  even  though  they 
are  all  pushing..  The  requirement  used  for  an  admissible 
quantity  of  constraints  is  that  the  opposing 
equilibrating  elastic  constraints  be  of  the  same  order 
of  magnitude  as  the  opposing  forces  for  rigid  body 
equilibrium.  An  average  of  six  trial  runs  per  load 
case  were  needed  to  find  an  admissible  set  of 
constraints.  Results  were  considered  to  be  on  the 
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conservative  side/  because  the  contact  area  broadens  as 
deformation  takes  place  in  the  actual  case.  Broadening 
of  the  contact  i,  a  was  not  taken  into  account  in  this 
analysis.  As  a  result  this  analysis  should  show 
stresses  slightly  higher  than  actual. 

The  advantage  for  an  analysis/  such  as  this/  is 
that  it  gives  much  more  information  than  an 
experimental  set-up  using  strain  gages/  because  the 
finite  element  mesh  has  a  smaller  gage  length  and  has 
several  orders  of  magnitude  more  measurements.  The 
load  path  becomes  well  traced  and  the  peaking  and 
releasing  of  stresses  which  leads  to  cracks  and  fatigue 
is  well  defined. 

APPLICATION 

To  illustrate  how  this  method  worked  in  practice/ 
this  paper  will  trace  the  steps  taken  in  homing  in  on 
an  admissible  set  of  constraints  for  a  single  loading 
cond  it  ion . 

SUBCASE  3412;  XY2  loads  at  the  cradle  are  -2S3/-559/-422 

It  might  be  easier  to  describe  the  evolution  of 
reactions  if  positions  are  oriented  with  respect  to  the 
bracket  parts.  For  instance/  the  place  where  loads  go 
in  is  the  cradle  and  the  triangular  shaped  ligament 
connecting  the  cradle  to  the  base  is  the  brace.  Opposite 
the  brace  the  side  is  named  "open".  Positions  in  the 
other  direction  are  distinguished  by  the  terms  "distant" 
from  the  loaded  cradle  and  "near"  the  load.  The  bores 
are  not  of  equal  size.  The  bore  nearest  the  cradle  is 
the  larger  so  the  terms  large  bore  (LB)  and  small  bore 
(SB)  help  to  keep  the  reaction  straight.  Finally/  the 
vertical  direction  can  be  designated  by  the  bolt  head 
side  on  top  and  the  bolt  nut  side  on  the  bottom.  See 
the  sketch  with  labels  per  this  scheme. 
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The  initial  SPC  set  uias  assigned  in  an  attempt  to 
balance  the  loads  with  pushing  forces  only.  To  oppose 
the  -X  load*  a  set  of  SPC's  was  put  in  place  at  the 
LBClarge  bore)  on  the  cardinal  point  towards  the  open 
side.  The  couple  created  by  the  X  load  and  the  LB  X 
reaction  can  be  balanced  by  putting  a  constraint  on  the 
cardinal  point  at  the  SBCsmall  bore)  towards  the  brace 
side. 

To  oppose  the  -Y  load  an  SPC  set  was  put  on  the  nut  side 
of  LB  causing  a  moment  which  could  be  opposed  by  an  SPC 
on  the  head  side  of  SB. 

To  oppose  the  -Z  load  the  cardinal  points  toward  the 
near  side  of  both  bores*  constraints  were  put  on  the  near 
side  of  both  LB  and  SB.  To  oppose  the  moment  in  Z  forces 
about  the  X-axis*  a  constraint  was  applied  at  the 
distant  edge. 

In  particular*  the  initial  combination  of  SPC  sets  con¬ 
sisted  of: 

(a)  a  full  array  of  3  pairs  of  points  (nut  surface*  mean 
surface*  and  head  surface)  on  the  SB  brace  location  for 
X  reaction. 

(b)  a  full  column  of  3  points  (nut*  mean*  and  head)  on 
the  LB  open  location  for  X  reaction. 

(c)  a  270  degree  arc  of  points  from  "near"  around 
"brace"  to  "distant"  on  the  head  surface  around  SB  for 
Y  reaction. 

(d)  a  270  degree  arc  of  points  from  "near"  around  "open" 
side  to  "distant"  on  the  nut  surface  around  LB  for  Y 
reaction . 

(e)  a  line  of  points  on  the  "distant"  edge  beyond  SB 
for  Mx  reaction. 

(f)  a  full  array  of  3  pairs  of  points  on  the  SB  near 
side  for  Z  reaction. 

(g)  a  full  column  of  3  points  on  the  LB  near  side  for 
Z  reaction. 

The  results  showed  a  number  of  places  that  were  pulling* 
but  the  one  giving  the  greatest  offense  was  the  line 
of  points  on  the  distant  edge. 

The  first  modification  tried  to  temper  the  effect  of 
the  distant  edge  by  introducing  an  additional  constraint 
on  the  brace  egde  opposite  SB*  while  keeping  all  else 
unchanged.  The  results  showed  no  relief  in  the  pulling 
of  the  distant  edge  and  only  slight  correction  around 
the  bores. 

The  second  modification  abandoned  the  distant  edge  line. 
The  arc  on  the  nut  surface  of  LB  was  shifted  from  270 
degrees  on  the  open  side  to  180  degrees  on  the  brace  side. 
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The  arc  on  the  head  surface  of  SB  was  reduced  to  180 
degrees  on  the  brace  side. 

The  triplet  of  points  on  the  brace  edge  of  SB  uias  reduced 
to  a  pair. 

The  results  were  considerably  improved*  but  some  pulling 
in  Z  persisted . 

The  third  modification  reduced  3  pairs  in  the  SB  near 
side  to  the  upper  2  pairs. 

The  column  of  constraints  in  LB  near  side  were  removed. 
The  triplet  on  the  open  side  of  LB  was  reduced  to  the 
upper  pair. 

The  results  showed  there  was  still  pulling  in  Y*  and  the 
Z  pushing  magnitudes  on  SB  were  high. 

The  fourth  modification  reduced  the  180  degree  arc  on  the 
nut  surface  of  LB  to  a  45  degree  arc  on  the  brace  side. 

The  triplet  on  the  near  side  of  LB  was  resoted  to  moderate 
those  in  SB. 

The  results  were  close  but  there  was  some  pulling  on  the 
brace  side  of  SB  and  on  the  near  side  of  LB. 

The  fifth  modification  reduced  the  3  pairs  to  the 
lower  2  pairs  on  the  brace  side  of  SB. 

The  triplet  on  the  near  side  of  LB  was  reduced  to  the 
lower  pair. 

The  results  were  admissible! 

In  summary*  the  net  overall  change  entailed: 
reducing  a  full  3  pairs  of  SB  brace  side  to  the  lower  2 
pairs* 

reducing  a  full  triplet  of  LB  open  side  to  the  upper 
pair* 

eliminating  the  distant  edge  line  and  enabling  a  pair 
of  points  on  the  brace  edge  of  SB; 
moving  the  LB  270  degree  arc  on  the  open  side  of  the  nut 
surface  to  a  45  degree  arc  on  the  brace  side 
of  the  nut  surface* 

reducing  a  full  3  pairs  of  SB  near  side  to  the  upper 
2  pairs* 

reducing  a  full  triplet  of  LB  near  side  to  the  lower 
pair . 

This  cut  and  try  method  was  applied  to  every  loading 
case  in  order  to  achieve  admissibility.  What  kept  one 
going  was  the  optimistic  certainty  that  just  one  more 
try  would  bring  the  constraints  into  line.  And  just  like 
Charlie  Brown's  baseball  team  something  unexpected  turned 
up  each  time  to  frustrate  the  success  of  the  next  try. 

The  next  three  illustrations  show  the  surfaces  only  of 
the  solid  element  modelling  used  for  the  bracket  as 
viewed  from  3  different  positions. 
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CONCLUSIONS 


In  conclusion  it  is  fair  to  say  that  the  method 
works  and  gives  reliable  results  slightly  on  the 
conservative  side.  It  still  leaves  an  element  of 
uncertainty  as  to  whether  the  honed  set  of  constraints 
is  unique#  since  a  reduced  set  of  working  locations  was 
used.  Some  shifting  say  to  intercardinal  points  might 
cause  some  change  in  the  stresses.  In  spite  of  this 
nagging  doubt#  it  claims  to  be  a  reasonably  good 
method.  It  can  be  tested  further  by  running  a  set  of 
unidirectional  nonlinear  springs  to  obtain  a  measure  of 
its  approximations. 

Some  comment  might  be  made  as  to  the  efficiency  of 
the  computing  techniques#  e.g.  Brute  Force  as  was  done 
here  which  devoted  a  complete  run  for  every  trial.  S. 
Condensation  of  all  points  except  boundary  candidates 
with  restart  of  only  the  modified  A-set.  3.  Substructuring 
with  a  unit  substructure  assigned  to  each  cluster  of 
boundary  points  and  the  bulk  to  the  parent  structure. 

4.  A  true  nonlinear  investigation  to  recover  the  magni¬ 
tudes  of  the  boundary  forces  for  each  load  case  with  a 
companion  run  of  the  linear  case  which  would  then  apply 
these  boundary  forces  for  a  lengthy  stress  recovery 
phase . 

The  reason  that  the  Brute  Force  method  was  used  is 
that  the  storage  required  to  implement  the  other  routes 
taxed  the  limited  resources  of  the  UAX. 

The  maxim  that  fits  this  story  is:  that  whenever 
the  mesh  of  a  model  is  sr  fine  that  a  bore  can't  be 
represented  as  a  point#  one  must  be  prepared  for  a 
considerable  amount  of  extra  care  if  the  stresses  in 
the  region  of  the  boundary  are  important.  In  the  words 
of  the  Great  CPU: 

HE  WHO  MESHES  FINE# 

FINDS  A  MESH. 
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